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Abstract 
 
    Skin wound healing is an urgent problem in clinical treatment, in particular, with 
a military context. Although significant advances have been made in treating skin 
wounds, traditional methods face several challenges, e.g., limited donor skin tissue for 
transplants and inflammation over the period of long term healing. To address these 
challenges, in this study we present a method to fabricate Poly (ethylene-co-vinyl 
alcohol) (EVOH) nanofibres encapsulated with the Ag nanoparticle, using the 
electro-spinning technique.  
    The manufacturing process of nanofibres by electro-spinning is the subject of the 
present research. Electro-spinning is a process which produces nanofibres through the 
electrically charged jet of a polymer solution. While the principle has long been 
understood, the process of forming them still remains difficult to control. In its 
simplest form, the technique consists of a pipette to hold the polymer solution, two 
electrodes and a DC voltage supply over a 10 KV range. The polymer dropping from 
the tip of the pipette is drawn into a jet which is electrically charged and spun into 
fine fibres by the electronic field. An appropriate combination of the control 
parameters, such as the charge voltage, density and viscosity of the polymer solution 
and the travel distance of the jet, etc. will lead to the production of fibres with 
diameters in the range of 10
-7~8
 meters. The fibres can then be collected on the surface 
of a grounded target. 
    The fibres in this study were fabricated with controlled diameters (50 nm – 3 µm) 
by regulating three main parameters, namely, a concentrated EVOH solution, the 
electric voltage and the distance between the injection needle tip (high voltage point) 
and the fibre collector. Ag was added to the nanofibres to offer long term 
anti-inflammation properties by the slow release of Ag nanoparticles through the 
gradual degradation of the EVOH nanofibre. The method developed here could lead 
to new dressing materials for the treatment of skin wounds. 
    The thin EVOH nanofibre sheets obtained from electro-spinning were tested in 
uniaxial tension for their mechanical properties, with a view to the possibilities of 
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using them as wound dressings. It was found that the sheets show a mild hardening 
behaviour with extensive elongation and necking before failure in multiple fractures 
at random locations. The failure is not simply fibre breakage. Due to the random 
orientation of the continuing fibres in the sheet, detachment, shear, straightening and 
twinning. etc., among the fibres all occur at the same time to different extents. The 
Young’s modulus and the yield stress (at 0.4~0.5% proof strains) are predominately 
affected by the diameters of the fibres. The latter are largely insensitive to strain rate 
over the range tested.  
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1. Introduction 
1.1 Background to nanotechnology and nanofibres 
Since the invention of the term ‘nanotechnology’ by K. Eric Drexler in his 
book “Engines of Creation”, the field of nanotechnology has been a hotly debated 
topic in both academia and industry. Although the positional manipulation of 
xenon atoms on a nickel substrate in 1990 was hailed by some as the “first 
unequivocal” experiment in nanofabrication, it should be borne in mind that the 
growth of nanowires and nano-rods by the vapor-liquid-solid method was reported 
at the beginning of the 1960s and the spontaneous growth of nanowires came in 
the 1950s. The scientific know-how of gold nanoparticle synthesis was, in fact, 
performed by Faraday in 1841. Perhaps the medieval stained-glass makers can be 
called the first nanotechnologists, since they prescribed varying amounts of gold 
to modify colours. Unbeknown to these stained-glass makers, these tiny gold 
spheres, which absorbed and reflected sunlight in different frequencies, will 
forever be part of the history of size effects in nano-scale objects. 
The manufacture of nanofibres has the potential to confer significant 
economic benefits. Some economic and business reports state that by 2015 the 
nano-medical materials field may be worth around $18 billion [Ramakrishna 
Seeram., 2004, Ken Herbert.,2005, Robert Zufan., 2005]. The United States 
appears to be investing the most money into nanotechnology at the moment. In 
2005, the direct funding of this technology by the U.S. Government was around 
$1.2 billion [K. Herbert., 2005, T.J Rudd., 2005] with the greater part of this 
amount coming from three bodies (the U.S. National Science Foundation, the U.S. 
Department of Defense and the U.S. Department of Energy)[Robert Zufan., 2005, 
Ken Herbert, 2005]. This figure shows a rise in funding of over $1 billion dollars 
in 8 years. The same report estimated that in 2006 this amount would fall to just 
over $1 billion, but this is still a very substantial amount and should be considered 
as a mark of the industry moving to self sustainability rather than a public lack of 
confidence in the technology. There are various areas the funding of which is 
dedicated to including nano-materials and devices, nano-manufacturing and 
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various applications[T. James Rudd,2005, J.H. Lee et al.,2003, W. He, et al., 
2005]. 
Skin wounds are a significant health problem, which negatively affect the 
lives of millions of people worldwide, involving huge costs to society [Xu F. el al., 
2010, Zhou, L., 2008, Choinière M. et al., 1990].In the U.S.A., more than 1.25 
million people every year suffer burns[Brigham PA. et al,. 1996, Sheridan, R. L., 
2003,Yu B.-H.1999] and 6.5 million people have chronic skin ulcers caused by 
pressure, venous stasis or diabetes mellitus [Calif, I., 1997]. Although skin wound 
healing has become an increasingly mature topic of study in clinics and academia 
[Xu F. et al 2009, Xu F. et al., 2009], only few breakthroughs in skin wound 
therapies, mainly due to the limited capacity to mitigate the loss of body fluid and 
inflammation, in particularly when large areas of skin are damaged.  
The present research aims, by the extensive potential benefit and application of 
nano-fibres, to achieve multiple targets, with medical applications as the main 
expected outcome. 
 
1.2 Aims and objectives 
As the title of this thesis implies, the aim of the study is to provide a new 
dressing material for the healing of skin wounds, in particular for skin burn 
healing and battle ground rescue; the fabrication of this material would use 
electro-spinning techniques. For interest, we provide various possible biomedical 
applications of nanofibres to aid skin wound healing by means of their unique 
mechanical properties. 
This study is mainly based on experimental methodology and also includes 
both the experimental techniques and a theoretical understanding of the 
electro-spinning process. 
The first objective is to produce nano-fibres using an electro-spinning 
machine. This will be a milestone for the project. The successful production of the 
fibre will allow us to investigate various control parameters in manipulating the 
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properties and features of the fibres. Such a capacity is necessary to customise 
fibres for different applications in a build-up of capacity. The work includes 
diameter and orientation control as well as a trial of tube production. Extensive 
SEM examinations should be carried out to quantify the produced fibres.  
The second objective of the study is to present the mechanical properties as 
revealed by such tests as uniaxial tensile tests and viscoelastic tests, etc. To test 
the potential of the EVOH nanofibre sheets for use in dressing applications, the 
material will be subjected to stretching, tearing, cutting and other types of 
mechanical loading. Only the findings of the tensile tests on thin sheets made of 
nanofibres in random directions are discussed here.  
The third objective is to examine the potential medical applications of the 
fibres as a possible wound dressing. More details will be given in later chapters on 
this aspect. It will be treated in two parts: making the fibres capable of killing 
germs; and giving the results of animal tests to verify the effectiveness of the 
fibres. The second part also includes an optimisation study on the range of 
diameters most suitable for such an application.  
To achieve the germ killing capacity, silver (Ag) particles, as an approved 
agent for suppressing infection, was added to the polymer solution in order to 
form the fibres. Culture tests were carried out in a biological laboratory (at a 
collaborative institution) to evaluate the density of the silver particles needed to 
achieve the nominal level of suppression capacity. Once this was completed, the 
fibres were tested on animals in collaboration with a university hospital which 
holds an approved license for animal testing. The tests were under the instruction 
of surgeons/specialists in burn treatment. 
 
To summarize, the objectives of this research are: 1. To produce the 
nano-fibres using the electro-spinning machine. 2. To examine the potential 
medical applications of the fibres as possible wound dressing. 3. To harness the 
germ killing capacity of Ag nanoparticle EVOH nanofibres. 4. To qualify the 
release speed of the Ag nanoparticles. 5. To discover a new dressing material by 
electro-spinning EVOH nanofibres and Ag nanoparticles and validate it via 
animal tests. 
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1.3 Scope of this thesis 
This thesis can be split into four main parts, with a conclusion: the first part 
extends from Chapters 1 to Chapter 3 and deals with the background to and 
principles of electro-spinning. The next part, Chapter 4 presents the mechanical 
properties of nanofibre mats. The third part, Chapter 5, focuses on the method of 
producing Ag-nano-particle EVOH nanofibres and Ag release speed tests. The 
final part, Chapters 6 and 7, presents the anti-bacterial tests and animal tests, 
before drawing some conclusions. 
Chapter 1 covers some basic aspects of electro-spinning process and 
principles. Chapter 2 contains the literature review of electro-spinning technology, 
which covers its history and key developments.  
The process of electro-spinning is dealt with in Chapter 3; to carry out this 
process, the polymer solution parameters (such as viscosity, surface tension, etc.), 
the parameters of the electro-spinning process (such as voltage, tip-to-collector 
distance etc.) and the ambient conditions (e.g.,temperature) are considered. In 
addition, issues of the uniformity, productivity, patterning and the creation of 
various types of nanofibre are outlined, in view of their importance in the specific 
applications. 
Chapter 4 shows the mechanical properties of the EVOH nanofibre sheets. 
To test the potential use of EVOH nanofibre sheets for wound dressing 
applications, the material will be subjected to stretching, tearing, cutting and other 
types of mechanical loading. Only the findings of the tensile extension tests on 
thin sheets made of nanofibres in random direction are discussed in Chapter 4 here, 
together with the viscoelastic tests using the Dynamic Mechanical Analyzer 
(DMA). 
Chapter 5 concerns the electro-spinning methods and process of making Ag 
nanoparticle EVOH nanofibre and iodine and gentamicin EVOH nanofibre. The 
release speed of the Ag nanoparticles in EVOH nanofibres is assessed by testing 
the degradation properties of EVOH nanofibres. In this study, the degradation 
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tests were performed in different conditions, such as with water, PBS, sunlight 
and UV light. 
Chapter 6 shows the process and results of anti-bacterial tests and animal 
tests. The bacteriostatic abilities of Ag, iodine and gentamicin EVOH nanofibre 
were tested and the results explain the reason for finally choosing silver as the 
substance for this new dressing material for skin wounds. In addition, the 
bacteriostatic abilities of Ag nanoparticle EVOH nanofibres in different Ag 
concentrations were tested. Animal tests were performed by using a burn machine 
with young pigs. Chapter 7 provides the conclusion of this thesis and also 
suggests future subjects for research. 
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2. Literature review 
2.1 History and science of electro-spinning 
Electro-spinning descends from the technique of electro-spraying. The first 
recorded observation of the deformation of liquid droplets under the influence of 
an electric field was that reported by William Gilbert in the 17
th
 century [Gilbert, 
1628]. He observed that when a sufficiently electrically charged amber was 
brought close to a water droplet on a dry surface, the drop was drawn towards the 
amber in a cone shape and water droplets were lifted off the tip of the cone. The 
events since Gilbert’s observation of this phenomenon leading to modern 
electro-spinning are summarized in 1749 also demonstrated the disintegration of a 
water jet under the influence of an electric field [Nollet, 1749]. 
The first theoretical work related to electro-spinning was reported by 
Rayleigh [Rayleigh, 1882]. He calculated the limiting charge at which an isolated 
drop of water of a certain radius became unstable. Thereafter, Joseph Larmor in 
1898 explained the excitation of a dielectric liquid under the influence of an 
electrical charge [Larmor, 1898]. In 1902, the first patents on electro-spinning 
were granted to Morton and Cooley. J.F.Cooley’s setup [Cooley, 1902] 
demonstrated the use of a rotating collector and auxiliary electrodes, while 
Morton showed how needled and needleless forms of electro-spinning could be 
carried out [Morton, 1902]. However, it was not possible to exploit this method 
due to the lack of technology to supply power at high voltage. Further 
experimental work on electro-spinning was done by John Zeleny between 1914 
and 1917; at this time he designed the needle/capillary apparatus which enabled 
him to study electrical discharges from liquid points [Zeleny, 1914]. 
The foundation for today’s electro-spinning technology was based on the 
patents of Formhals between 1934 and 1944, for which he gained recognition as 
the father of present day electro-spinning [Formhals, 1934, Formhals, 1938a, 
Formhals, 1938b, Formhals, 1939b, Formhals, 1939a]. He developed a variety of 
innovative electro-spinning setups with different spinneret and collector 
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configurations, some of which are still used widely today. Meanwhile, in 1936, 
Norton had demonstrated the melt-electro-spinning of polymers [Norton, 1936]. 
The first industrial scale production of electro-spun membranes was 
undertaken in 1939 by Natalie Rozenblum and Igor Petryanov-Sokov, who 
developed cellulose acetate based nano-fibrous meshes as filters inserted in gas 
masks for military use in the former USSR [Filatov, 1977]. The filters were 
popularised as ‘Petryanov filters’. It was only in 1981 that the commercial 
production of electrospun products for a variety of filtration applications was 
achieved; the successful firm was an American company called Donaldson. 
Finally the commercial manufacture of electro-spinning equipment for industrial 
production and academic research was achieved in 2006, by Elmarco Liberec, a 
Czech company [Jirsak et al., 2005]. 
Listed below are the main events in the history of electro-spinningin order of 
their chronology: 
In 1638 • Gilbert, W made the first recorded observation of electrospraying; 
showing the typical conical shape induced on a water droplet under the influence 
of an electrically charged piece of amber. 
In 1749 • Nollet A demonstrated the disintegration of water jet when it was 
charged. 
In 1882 • Rayleigh L calculated the limiting charge at which an isolated drop 
of certain radius became unstable – the first theoretical work related 
toelectro-spinning. 
In 1898 • Larmor, J explained the excitation of dielectric liquid under the 
influence of an electrical charge. 
In 1902 • Cooley, JF patented an electro-spinning setup, used auxiliary 
electrodes to direct electro-spinning jet on to a rotating collector. 
In 1902 • Morton WJ, patented the electro-spinning method, used needle as 
well as needleless forms of electro-spinning. 
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In 1917 • Zeleny, J designed the needle/capillary apparatus to study electrical 
discharges from liquid points. 
In 1936 • Norton developed melt polymer electro-spinning 
In 1939 • Rozenblum ND and Petryanov-Sokolov,I led the first industrial 
facility to produce electrospun fibrous materials for military gas masks, called 
‘Petryanov filters’ 
In 1944 • Formhals, A, recognised as the father of present-day 
electro-spinning technology, made innovative setups, with and without spinneret, 
multiple spinnerets, parallel electrodes to produce aligned fibres. 
In 1960 • Landau and Lifshitzmodelled charge density – surface wave 
instability for conductive liquids, laying the foundation for the generalized 
theoretical modelling of electro-spinning 
In 1969 • Taylor GI, published his theory underpinning electro-spinning; the 
characteristic droplet shape is named the ‘Taylor cone’ to honour his contribution 
In 1967 • Mathews, wrote on the mass loss and distortion of freely falling 
water drops in an electric field, in which he gave the results of his experimental 
analysis 
In 1981 • Donaldson Co. Inc., introduced the first commercial products 
containing electrospun nanofibres 
In 1990 • Renneker and Rutledge were responsible for spinning a wide 
spectrum of polymers and popularized the term ‘electro-spinning’ 
In 2000 • A boom in research, theoretical modeling and applications, 
establishing the science of electro-spinning 
In 2006 • Elmarco Liberec, began the first commercial manufacture of 
electro-spinning equipment for industries and academia 
To make fine fibres, many ways are available to choose from, chosen such as 
drawing, phase separation, template synthesis, self-assembly and electro-spinning.      
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In this study, was chosen. Successful electro-spinning depends on the five factors 
shown below:  
1. A suitable solvent should be available for dissolving the polymer. 
2. The vapour pressure of the solvent should be suitable so that it evaporates 
quickly enough for the fibre to maintain its integrity when it reaches the target 
but not too quickly to allow the fibre to harden before it reaches the nanometer 
range. 
3. The viscosity and surface tension of the solvent must neither be too large to 
prevent the jet from forming nor be too small to allow the polymer solution to 
drain freely from the pipette. 
4. The high power supply should be adequate to overcome the viscosity and 
surface tension of the polymer solution to form and sustain the jet from the 
pipette. 
5. The gap between the pipette and grounded surface should be so small as to 
create sparks between the electrodes but should be large enough for the 
solvent to evaporate in time for fibres to form. 
Below is a table comparing the properties of the various processes for making 
fine fibres. 
 
Table1. Comparison of processing techniques for obtaining nanofibres. 
[Ramakrishna, 2004] 
Process Technological 
advance 
Can the 
process be 
scaled? 
Repeatability Convenient to 
process? 
Control on 
fibre 
dimensions 
Drawing Laboratory No Yes Yes No 
Template 
Synthesis 
Laboratory No Yes Yes Yes 
Phase Separation Laboratory No Yes Yes No 
Self-Assembly Laboratory No Yes No No 
Electro-spinning Laboratory (with 
potential for 
Yes Yes Yes Yes 
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industrial 
processing) 
 
 
Table2. Advantages and disadvantages of various processing techniques. 
[Ramakrishna, 2004] 
 
Process Advantages Disadvantages 
Drawing Minimum equipment requirement. Discontinuous 
process 
Template 
Synthesis 
Fibres of different diameters can be 
easily achieved by using different 
templates 
Complex 
process 
Phase 
Separation 
Minimum equipment requirement. 
Process can directly fabricate a 
nanofibre matrix. Batch-to-batch 
consistency is achieved easily. 
Mechanical properties of the matrix 
can be tailored by adjusting polymer 
concentration. 
Limited to 
specific 
polymers 
Self-Assembly Good for obtaining smaller nanofibres. Complex 
process 
Electro-spinning Cost effective. Long, continuous 
nanofibres can be produced. 
Jet instability 
for some 
polymer 
materials 
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Table3. Effect of processing method, material and solvent on nanofibre dimension. 
[Ramakrishna, 2004] 
Process Material Solvent Fibre diameter Fibre length 
Drawing Sodium Citrate Chloroauric acid 2 nm to 100 nm 10 microns to 
mms 
Template 
Synthesis 
Polyacrylonitrile Dimethylformamide 100nm to 200 
nm 
10 microns 
Phase 
Separation 
PLLA Tetrahydrofuran 50 nm to 500 
nm 
Up to 20 to 30 
microns 
Self-Assembly PCEMA core – PS 
shell 
Tetrahydrofuran 100 nm 20 microns 
PECMA middle layer 
– PS corona 
Tetrahydrofuran 100 nm 20 microns 
PS core – P4VP 
corona 
Chloroform 25 nm – 30 nm Up to 1 micron 
Peptide Chloroform 7 – 8 nm Several microns 
 
Table 4. Effect of electro-spinning method, with the material and solvent. on the 
nanofibre dimensions. [Ramakrishna, 2004] 
Process Material Solvent Fibre 
diameter 
Fibre length 
Electro-spinning EVOH Water and 
propanol-2 
50 nm – 
several 
microns 
Several cms to 
several meters 
Electro-spinning Nylon 
6-pollyimide 
Formic acid 50 nm 
– 
several 
microns 
Several cms 
to several 
meters 
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Electro-spinning Polyaniline Sulphuric acid 50 nm 
– 
several 
microns 
Several cms 
to several 
meters 
Electro-spinning PLLA  Chloroform 50 nm 
– 
several 
microns 
Several cms 
to several 
meters 
Electro-spinning PEO water 50 nm 
– 
several 
microns 
Several cms 
to several 
meters 
Electro-spinning PMMA Toluene 50 nm 
– 
several 
microns 
Several cms 
to several 
meters 
Electro-spinning PU Dimethylformamide 50 nm 
– 
several 
microns 
Several cms 
to several 
meters 
 
    Tables 1, 2 and 3 showcomparisons of the various issues relating to these 
processing methods and lists some of the polymers that can be converted into 
nanofibres. Overall, we found that the electro-spinning method fits all the 
requirements in this study. Finally, Table 4 shows the effect of the method of 
electro-spinning with different materials and solvents on the size of the nanofibres 
produced. 
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2.1.1 The principle of electro-spinning and electrospray 
To understand the electro-spinning process, it is helpful first to look at the 
mechanism of the production of polymer fibres. The production of conventional 
fibres of large diameter involves the drawing out of molten polymer through a die. 
The resultant stretched polymer cools and dries to form individual strands of fibre. 
Similarly, electro-spinning also involves the drawing out of liquid, in the form of 
either molten polymer or polymer solution. However, unlike the conventional 
drawing method where there is an external mechanical force which pushes the 
molten polymer through a die, electro-spinning makes use of electric charges 
which are applied to the fluid jet to provide a stretching force to a collector, where 
there is a possible gradient. When a sufficiently high voltage is applied, a jet of 
polymer solution will erupt from a polymer solution droplet. The polymer chain 
entanglements within the solution will prevent the electro-spinning jet from 
breaking up. While the polymer solution used in both conventional fibre 
production methods cools and solidifies to yield fibre in the atmosphere, the 
electro-spinning of polymer solutions relies on the evaporation of the solvent for 
the polymer to solidify and form a fibre.  
Electro-spinning uses a high voltage supply to stretch a polymer solution jet 
which comes out from a metal needle with a small diameter. The name comes 
from the physical response of the polymer as it passes through a high voltage 
electrical field. The polymer jet is forced to spin around in circles as it moves to 
the ground of the electric field. The process is very quick but may have more 
serious safety issues than other manufacturing methods because of the high 
voltages needed. The voltages are in the order of tens of kilovolts. Despite this 
disadvantage, this method is highly efficient and not expensive.   
Electro-spinning technology was patented more than 100 years ago by J.F. 
Cooley in February 1902 and W.J. Morton in July 1902 [Cooley, 1902]. In 1914 
John Zeleny published work on the behaveour of fluid droplets at the end of metal 
capillaries. His effort was the first attempt to mathematically model the behavior 
of fluids under electrostatic forces [Zeleny,1914]. Between 1964 and 1969 Sir 
Geoffrey Ingram Taylor produced the underlying theory with regard to 
electro-spinning Taylor’s work contributed to electro-spinning by mathematically 
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modeling the shape of the cone formed by the fluid droplet under the effect of an 
electrical field; this characteristic droplet shape is now known as the Taylor cone 
[Taylor, G., 1964, Taylor, G., 1965, Taylor, G.,1969] ( see Figure 2.1b). 
Electrospinning is a non-woven fibre spinning technology that allows 
spinning of fibres diameter ranging from 2 nm to 10s of μm Bhardwaj and Kundu, 
2010). It is different from the conventional dry or wet spinning technologies, in 
that it generates submicron and nanometer size fibres, and does not require high 
temperatures or specialized solution chemistries, In addition it also allows 
spinning of large and complex molecules, as well as combinations of compatible 
or incompatible polymer solutions. 
The principle behind electrospinning is the use of electric charge to create a 
charged jet of polymer solution. When sufficiently large voltage (+ or -) is applied, 
electrostatic repulsion of the charged moieties in the polymer solution repel to 
counteract surface tension resulting in the stretching of the droplet forming a cone 
shape known as Taylor cone. From the tip of the Taylor cone, a stream of liquid 
ejects and if the viscosity and the electrical resistivity of the polymer solution are 
sufficient, the stream does not break up. During the flow, as the solvent dries, the 
mode of current flow in the jet is said to change from ohmic to convective flow 
causing it to bend, whip and accelerate towards the grounded collector. The 
process, as illustrated, involves the formation of Taylor cone and jet, followed by 
the travel of jet along a straight line during the ohmic flow and then starts bending 
during the convective flow. The bending during the convective flow of charges 
within the electrospinning jet is attributed to the mutual repulsive force between 
the electric charges carried by the jet [Reneker et al., 2000]. The bending and 
acceleration stretches the fibre resulting in the thinner fibres observed with 
non-woven fibres spun using electrospinning. 
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Figure 2.1a Schematic diagram showing the fibre formation dynamics during 
electrospinning [http://en.wikipedia.org/wiki/Electrospinning, 2012]. 
In real-time, the bending instability of the jet appears to naked eye or 
conventional photography as the single stream of polymer solution splitting into 
multitude of jets in a cone shape. However, using high speed photography, Shin et 
al. demonstrated that it is essentially a single fibre that bends and whips rapidly to 
give the illusion of splitting and multiple jets [Shin et al., 2001]. 
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Figure 2.1b Taylor Cone in 5 mm range [Taylor,G.1969, Wan et al., 2004] 
When a very small droplet of electrically charged solution is exposed to a 
static field, the shape of the solution starts to be deformed from its original shape 
under  surface tension alone [Huang Z. et al., 2003, Li D. et al., 2003, Ko, F. et 
al., 2003, Wan, Y.Q. et al., 2004]. As the voltage is increased the effect of the 
static field becomes more pronounced and as it approaches the exerting of a 
similar degree of force on the droplet as that of the surface tension there starts to 
form a cone shape with convex sides and a rounded tip. This approaches the shape 
of a straight Generatrix (cone) with a whole angle degree width of 98.6° 
[SubbianT. et al., 2005].When a specific threshold voltage has been reached the 
slightly rounded tip inverts and emits a small jet of the solution. This is called a 
cone-jet and marks the beginning of the electro-spinning process. It is generally 
found that, in order to achieve a stable cone-jet, a slightly higher voltage than the 
threshold value must be provided. As the voltage is increased further, other modes 
of droplet disintegration are found. The term Taylor Cone [Morton,W.J.  1902] 
can also specifically refer to the theoretical limit of a perfect cone of exactly the 
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predicted angle or generally refer to the approximately conical portion of a 
cone-jet after the electro-spinning process has started. 
There are the three major pieces of equipment which are essential to the 
electro-spinning process; first of all, a high voltage unit is needed, which should 
be able to provide up to 20 or 30 kV, namely, to provide enough energy to spin 
the solution from the needle. This unit and the effects of the voltage on the fluid 
will be explained in the last part of this section. 
The second one is the collector; this needs to be connected to the ground. In 
theory, it does not matter whether it is connected to positive or negative. However, 
in practice and in the interests of safety, the collectors normally connected to the 
negative. What makes the jet circulate between needle and collector is the 
presence of several forces inside the static field such as the Coulomb force and the 
Lorentz force. When the polymer solution comes out of the needle, it has already 
taken a positive charge and also the field is positive. Hence, as soon as the drops 
of liquid fall into the static field they push each other. At this point, the jet starts to 
spin and it becomes thinner and thinner. In theory if the voltages and distance 
could be increased very greatly then very thin fibres, down to tens of nanometers, 
could be spun. 
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Figure 2.2 a 2 strips collector 
Figure 2.2 shows a variation of the plate method for collecting fibres. This 
particular example uses 2strips, both of which are made of conductive materials. 
The method is that lines of fibres form a bridge across the gap between the strips. 
They do this because of the circulating (whipping) jet that is formed. Depending 
on the place where the falling jet lands, for instance, the jet could be collected on 
the left strip first. In this case, the further jet will fall across the gap and land on 
the right strip (Figure 2.3). This will yield two thick sections of fibres clumped 
together on each strip with single strands over the gap to connect them. Once 
High voltage point 
collectors 
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these are produced they can be laid on top of each other to form a web (Figure 
2.3). Fibres of different types can be obtained from changing collectors. For our 
applications (involving parallel fibres and web fibres), it is quite suitable to use 
the collectors which are shown in Figure 2.2 and Figure 2.3. 
 
Figure 2.3 a 4-strip collector for web fibres (fibre diameter between 1 to 3 micro 
meters) used in the present research work. Fibres are collected diagonally between 
neighbouring strips forming a cobweb-like texture. The white dots are droplets 
produced during electro-spinning 
The final section is the syringe section. This section is again very important 
to the overall process. The syringe holds the polymer solution and has to be finely 
controlled to deliver the correct amount of solution. The needle of the syringe is 
connected to the high voltage supply to set up the electric field with the collector. 
The control of the fluid has to be uniformly correct. If too much fluid is pumped, 
only large fibres will be obtained which do not solidify properly; this will leave a 
large amount of fluid on the collector which will prevent any extracted fibres from 
being collected. If not enough fluid is pumped, the growth of the fibre will not be 
sustainable and either fragments or drops will be produced. Ideally, with the right 
amount of fluid a Taylor cone will be formed at the end of the needle of the same 
2 cm 
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size throughout the process [Yarin,A.L. et al., 2001, G.C. Rutledge et al., 2001]. 
The fibre extends outwards from this cone due to the electric field; this cone is 
thus vital to the functioning of the process [Kirichenko,V.N.  et al., 
1986,Ganan-Calvo,A.M. 1997]. The development of the Taylor cone and finally 
the jet are shown (as the dark shape) in Figure 2.4A-J, below 
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Figures 2.4 A to J The process of formation of the Taylor Cone and a stable jet 
[Carney, L. et al., 2001, Zeleny, J. 1917, Juraschek, R. et al., 1998] 
The cone develops due to the building up of the electric field. At this stage, 
the droplet should not be pushed at all. The fluid of which this droplet is made 
will have a specific surface tension and the voltage needs to be built up gradually. 
Slowly, as the droplet gets bigger with a more abundant supply of the liquid, it 
stretches out into a cone shape. This is because the ions in the solution become 
more and more charged and increase the tension in the droplet. The polymer 
solution must be conductive for the charge to build up. Baumgarten demonstrated 
that the radius of the jet is inversely proportional to the cube root of the 
conductivity of the solution [Baumgarten, P.K. 1971, Shin,Y.M.  et al., 2001]. 
Proof of the importance of conductivity on the final fibre has also been shown by 
adding ionic salts to the polymer solution [Zong,X.H. et al., 2002]. Eventually this 
cone will “break” at the point when the charge in it becomes higher than the 
surface tension can bear and a stream of fluid will stretch out of the tip of the 
cone[Baumgarten, P. K. 1971, G. I. Taylor, 1964]. This is all the effect of the 
electrical field between the cone and the collector, which will make the stream 
head toward the collector. This phenomenon allows us to have a horizontal or 
vertical set-up. The properties of the jet are also controlled by the voltage. Recent 
advances in picture technology have shown that the true behaviour of the jet is a 
whipping motion, which in turn has allowed for the development of the new 
collecting techniques. 
In summary, Taylor cone can directly effect the process of electro-spinning. 
In 1965 Taylor published equation 1-1 which explained how the small dropjet 
being influenced in the static field.  
3
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In Eq.(1-1), h is the wideness of the dropjet, Q is the charge density, I is the 
current on the top of the Taylor cone, ρ is the solution density, E is the voltage of 
the field [Taylor, 1965]. 
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Figure 2.5 Taylor cone computational model 
 
Figure 2.6 Dropjet model in the static field 
Equation 1-2 shows the load-carrying capability of a small dropjet in the static 
field as Figure 2.6 shown. 
2 ln
L
dF k nd a e
a
  
 
  
                                    （1-2） 
In equation Eq. (1-2), k is the curvature, σ is the surface tension factor. 
Due to the size of the dropjet is tiny, therefore, air resistance is necessary to be 
discussed, equations (1-3) to (1-8) are describing the effective of air resistance in 
the electro-spinning process [Ramakrishna, 2004]. 
0 0f f                                               （1-3） 
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In equation 1-3 and 1-4, λ is the extension ratio, f is the cross section area. 
1 G
G
t t


 

 
 
 
                                        (1-5) 
, , , , , ,
2
1 s s s s s sX u Y v Z w
t

 
 

                                (1-6) 
0 0fP 




                                             (1-7) 
The formula derivation from 1-3 to 1-8, the equation 1-8 eventually shows 
the extension ratio of the dropjet in the static field during the electro-spinning 
process [Ramakrishna, 2004]. 
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Figure 2.7 a and b. the mathematic model of the dropjet during the 
electro-spinning process [Ramakrishna, 2004]. 
Figure 2.7a shows the mathematic model of electro-spinning in the static field 
with considering the solution volatilization. Figure 2.7b shows the mathematic 
model of electro-spinning in the static field without considering the solution 
volatilization. In our study, first of all, the polymer solution was required to be heat 
till 80 
o
C, secondly, some of the tests were completed in the open area, therefore, 
Figure 2.7a is suitable for this study. 
 
2.1.2 Equipment and Technology 
2.1.2.1. The electro-spinning instrument 
The equipment needed for electro-spinning is simple in construction and 
consists of a high voltage power source, a syringe pump with tubing to transport 
the solution from the syringe to the spinneret and a conducting collector. The 
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spinneret and collector are opposite each other in alignment and together they are 
usually oriented either horizontally or vertically. Any variations in the equipment 
are primarily concerned with the spinneret and the collector. 
2.1.2.2. The Spinneret 
The construction of the Spinneret allows greater versatility in the nano-fibre 
structures. They can be single or multiple and needle-type or needleless 
configurations [Teo and Ramakrishna, 2006]. Typical electro-spinning setups are 
equipped with a single blunt ended needle for spinning single polymer fibres. To 
introduce a composite fibre structure, either coaxial or dual-capillary 
(side-by-side), spinnerets are used. The former produce core-shell and the latter 
side-by-side fused fibre structures, respectively. An additional advantage of using 
coaxial spinnerets is that incompatible or non-electro-spinnable polymer solutions 
can be combined to obtain fibres [Teo and Ramakrishna, 2006]. For example, a 
non-electro-spinnable polymer solution can be extruded in the inner capillary, 
while the spinnable solution extruded in the outer capillary. Thus the inner 
solution is contained by the outer solution, resulting in a core fibre. The shell can 
then be dissolved to obtain the fibres of the non-electrospinnable solution. This 
method can also produce hollow fibres by dissolving the core fibre. Overall the 
coaxial fibre has a reinforcing core polymer fibre encapsulated by a shell of a 
different polymer, while the side-by-side fused composite fibres have two 
different polymers side-by-side. The permutations and combinations of the two 
polymers can be used to engineer membranes for a variety of applications, in 
particular in the emerging field of tissue engineering. In addition, the coaxial 
spinnerets can further be modified to incorporate, for example, three concentric 
polymer fibres, or a large fibre reinforced with three different polymer fibres 
within its composite structure. 
Needleless electro-spinning through an orifice in the flat base of a tube is 
another method, often used for melt-spinning. In this, the pure polymer is melted 
by heating and the molten polymer is injected through the orifice.  
From the perspective of industrial production, an inherent limitation of 
electro-spinning is that the volume of fibrous meshes or structures produced per 
 27 
unit time is much less than that obtained using conventional spinning technologies. 
To increase productivity, multiple parallel spinnerets (needleless or needle-based) 
are used.  
One concern raised by electro-spinning which uses needle-based or 
needleless spinnerets is the clogging of the spinneret; this usually occurs when the 
solvent used is highly volatile. To avoid clogging, pointed tip or spike structures 
are often used. 
2.1.2.3. The Collector 
In a basic configuration, the spinneret needle is aligned perpendicular to a 
static grounded flat plate (the collector). During electro-spinning, the seamless 
fibre is collected as a sheet, typically on top of the flat plate collector. The 
resulting sheet has random fibre orientation. However, the orientation, 3D 
architecture and properties of the electrospun structures can be varied either by 
influencing the electric field between the spinneret and the collector or by rotating 
the collector in the field of electro-spinning. A wide variety of collector 
configurations used in research were collated and offered as schematic 
representations by Teo and Ramakrishna as illustrated in 2006 [Teo and 
Ramakrishna, 2006 ]. 
An important collector configuration is the use of a rotating drum in the field 
of electro-spinning. When the speed of rotation matches the speed of the 
accelerating electrospun fibre, the fibres are primarily aligned along the 
circumference of the drum. A few thousands of rpm, e.g. 4500 rpm, for the 
rotating drum is needed for fibres to align [Matthews et al., 2002]. A low rotation 
speed, e.g. around 500 rpm, allows the orientation of the fibresto be randomised. 
When the rotation speed crosses the speed of accelerating electrospun jet, the fibre 
breaks, thus, disrupting its seamless nature. Increasing the speed of rotation is also 
reported to influence the mechanical properties of the fibres, e.g. by inducing 
better alignment of the polymer crystals in the fibres [Kim et al., 2004]. In 
addition, the use of an alternating-current (AC) high voltage supply instead of the 
traditional direct-current (DC) high voltage supply for charging the 
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electro-spinning solution is reported to induce a better alignment of the fibres 
[Kessick et al., 2004]. 
The presence of a conducting object in the field of electro-spinning 
significantly influences the nature of the fibre deposition. The use of rings can 
control the area in which the fibres are deposited. Similarly, a sharp pin in the 
centre of a drum can focus the fibre deposition towards the pin. In addition, 
significant research has gone into the alignment of fibres. Parallel electrodes are 
used to exert a pulling force towards the electrodes, thus aligning the fibres 
perpendicular to these electrodes. Similarly, knife edge electrodes also induce 
highly aligned fibres along the length of the knife edge. Wire drum and wires 
wound around a drum have also been used for generating aligned fibres. 
Furthermore, special ways of patterning the fibres was also achieved using 
collector configurations. The former configuration was used to induce fibre 
structures which were twisted or shaped like springs, while the latter allowed the 
deposition of aligned fibres which were perpendicular to each other. For a 
comprehensive review of the advantages and disadvantages of the different 
collector configurations, the reader may refer the review by Teo and 
Ramakrishana (Teo and Ramakrishana, 2006). 
2.1.2.4. Parameters effecting electro-spinning 
The electro-spinning of fibres and their resulting morphology and diameter 
are all affected by the solution (its viscosity, elasticity, conductivity and surface 
tension), processing (the solution flow rate, applied electric potential and the 
spinneret and collector) and ambient conditions (temperature and humidity) and 
excellent surveys of their effects on electro-spinning are available in the literature 
[Ramakrishana et al., 2005a, Huang et al., 2003, Tan et al., 2005, Li and Xia, 2004, 
Lukas et al., 2009, Theron et al., 2004]. 
2.1.2.5. Solution Parameters 
The ability of a polymer to be electro-spun depends on its solution viscosity 
and electrical resistivity. If the viscosity is too low, the cohesiveness between the 
polymer chains (surface tension) is too low to hold together the jet of fluid 
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emerging from the Taylor cone. Similarly, if the solution is too conductive, the 
repulsive forces between the polymer molecules cause the fluid jet to breakdown, 
forming droplets. With increasing viscosity and electrical resistivity, the breaking 
up of the jet into droplets makes a transition to the formation of a beads-on-string 
fibre structure before proper fibres, according to Shenoy et al. (2005). A further 
increase in viscosity results in increases in the diameter of the fibre diameter until 
a maximum viscosity beyond which the Taylor cone becomes too big, causing the 
jet to become unstable [Megelski et al., 2002, Jarusuwannapoom et al., 2005, 
Demir et al., 2002, Deitzel et al., 2001a]. Thus, for a given polymer, there exists a 
range of solution viscosity in which proper fibres can form. This range varies for 
any given polymer, depending on the solvent that it is dissolved in, and it varies 
also for different polymers [Huang et al., 2003]. 
The solution parameters not only determine the electrospinng ability of a 
polymer, but also affect its morphology and diameter. The higher the conductivity 
of the solution is, the higher is the number of charges carried by the 
electro-spinning jet. Thus, the higher the charged content, the higher the stretching 
of the jet, yielding thinner fibres. This aspect has been exploited by the 
introduction of ionic salts to adjust solution conductivity in order to decrease the 
diameter of the electrospun fibres [Zong et al., 2002, Son et al., 2004]. Similarly, 
for making highly conducting polymer solutions electrospinnable, less conductive 
polymers are added as fillers. Furthermore, the volatility of the dissolving solvent 
is another dominant factor that affects the formation of nanostructures by 
influencing the surface tension of the polymer solution [Megelski et al., 2002]. 
Reducing the  surface tension has been correlated with the formation of smooth 
and thicker fibres [Fong et al., 1999, Zeng et al., 2003]. In addition, mixtures of 
solvents can also be used to tune the surface tension of the polymer solution, thus 
tailoring the morphology and diameter of the electrospun fibres. 
2.1.2.6. Processing parameters 
The next essential group of parameters that affects the structure of 
electrospun fibres are the electro-spinning process variables, namely, the voltage 
applied, the feed rate and the distance between the spinneret and the collector. In 
most cases, a higher voltage causes greater stretching of the solution due to larger 
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columbic forces within the jet and a stronger electric field, thus reducing the fibre 
diameter [Buchko et al., 1999, Lee et al., 2004a, Megelski et al., 2002]. However, 
the higher voltage can also shorten the flight time of the electro-spinning jet, 
providing less time for the fibre to stretch before it reaches the collector [Demir et 
al., 2002]. Furthermore, higher voltages are also associated with a greater 
tendency to form beads, due to the greater instability of the jet [Demir et al., 2002, 
Deitzel et al., 2001a, Deitzel et al., 2001b, Zong et al., 2002]. The contrasting 
effects of the applied voltage is often primarily due to the influence of other 
process variables. For instance, with increasing applied voltage, an appropriate 
increase in the polymer solution feed rate is needed to ensure the formation of the 
Taylor cone. 
Furthermore, increasing the flow rate increases the amount of polymer in the 
electro-spinning jet, thus increasing the fibre diameters. The increased volume of 
the jet is also associated with inadequate solvent evaporation, leading to a fusion 
of fibres at contact points between the electrospun fibres [Rutledge et al., 2001]. 
Therefore, a lower feed rate is more desirable for bead-free fibre manufacture, 
because the solvent has more time to evaporate giving more time for the fibre to 
stretch [Zhang et al., 2009]. 
The distance between the spinneret and the collector has a significant 
influence on the strength and distribution of the electric field. The shorter this 
distance is, the stronger is the electric field and vice versa. Typically, an 
intermediate optimum distance is needed so as to allow sufficient stretching of the 
fibre, as well as sufficient evaporation of the solvent. 
2.1.2.7. Ambient parameters 
In most reported studies, the ambient parameters, namely, temperature, 
humidity and air circulation, are not controlled. However, they can induce 
significant variations in fibre morphology and diameter and can sometimes 
interfere with the electro-spinning process. A higher temperature increases the rate 
of solvent evaporation as well as reducing the viscosity of the polymer solution. 
Thus, morphological imperfections such as the formation of beads or curly fibres 
are enhanced when the temperature is increased, through speeding up the 
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electro-spinning process [Demir et al., 2002]. Conversely, the lower viscosity 
induced by increasing temperature means that higher columbic forces further 
stretch the solution, yielding fibre of small diameter [Mit-uppatham et al., 2004]. 
The effect of humidity on the average fibre diameter is correlated to the 
variation in chemical and molecular interactions, as well as the rate of solvent 
evaporation. For water insoluble polymers such as cellulous acetate (CA), the 
average diameter increases with increased relative humidity (RH), while for water 
soluble polymers such as poly (vinylpyrrolidone) (PVP), an opposite trend is 
shown [De Vrieze et al., 2009]. Furthermore, when the humidity was increased by 
50%, the formation of circular pores on the surface of the fibre was reported for 
electrospun polysulfone fibres [Casper et al., 2004]. 
The air circulation within the chamber can impair the electro-spinning 
process, in particular when the volatility of the solvent is high. The fast 
evaporation of the volatile solvent often leads to the clogging of the spinneret 
during electro-spinning. Saturation of the atmosphere around the spinneret with 
the solvent vapour helps to avoid this problem. 
2.2 Wound dressing for burn injuries 
Wound dressing materials have been used for many hundreds of years and 
many varieties of wound dressing materials have appeared in human history. At 
first, the dressing materials were used simply to protect the wound surface and 
insulate this surface from the environment. With other developments of 
civilization in human history, new wound dressing materials have been produced, 
which are intended not only to protect the surface of the wound from being 
damaged once more and insulating it from its surroundings, but also, to exploit the 
anti-bacterial abilities of certain dressings, which have been very considerably 
increased. Indeed, some of the new dressing materials can reduce the time of 
cicatrization by using a growth factor. 
Over the past thirty years, clinicians as caregivers have been exposed to a 
plethora of new and advanced wound dressings. The moist wound care revolution 
began in the 1970s with the introduction of film and hydrocolloid dressings and 
today these are the traditional types of dressings in the advanced categories. 
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Wound-healing science has progressed significantly over the same period, as a 
result of intense clinical and scientific research before such products are 
introduced. Today, the clinician must take into account moist wound healing, 
occlusion, cost effectiveness, wound bed preparation and MMP activity, to name 
but a few of the many concepts in wound care that have flourished as a result of 
technology and product advancement. However, in addition, such advancement is 
sometimes discussed in terms of its adoption in different parts of the world. The 
largest single markets of the world are generally the United States of America and 
Europe; this is because the development of both practice and technology generally 
begins there [Queen D. et al., 2004, Chang H. et al 1996, Horncastle J., 1995].  
Compared with the traditional bandage types of dressing materials, the 
family of moist dressing materials may have marked advantages such as reducing 
the healing speed of the surface of a wound, etc. However, moist dressing 
materials not only help wound surfaces to recover, but also help the viruses to 
grow. In the present research, we produced Ag-nanoparticle EVOH nanofibres 
which can do no more than restrain the bacteria and viruses on the skin wounds 
surface. In addition, however, the Ag nanoparticle EVOH nanofibres are suitable 
for use on the battlefield [Chaby G. et al., 1995, Lo SF. et al., 2009]. 
 
2.3 Chapter summary 
This chapter mainly covers 4 parts, firstly, the background and main events 
recorded in the electro-spinning history since this phenomenon was firstly 
observed in 16 century. Secondly, the understandings of electro-spinning process, 
dropjet formation and theory of Taylor Cone formation have been discussed.  
The parameters which affect the electro-spinning process have been 
discussed, such as solution parameters - viscosity and electrical resistivity etc., the 
processing parameters (voltage, distance and flow speed etc.) and ambient 
parameters, namely, temperature, humidity and air circulation. 
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Finally, a brief introduction about wound dressing materials and burn injures 
was made. This part covers the disadvantages of the traditional wound dressing 
materials, from this point of view a new dressing material – EVOH nanofibre is 
necessary to be manufactured, this will lead us to the final purpose of this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 34 
3. Electro-spinning of EVOH nanofibres 
3.1 Polymer EVOH  
The most suitable material and its solution are the first things to decide in 
order to obtain a given nanofibre. EVOH (poly (ethylene-co-vinyl 
alcohol)((CH2CH2) x [CH2CH (OH)] y) has been used in this study. The main 
reason for choosing it is that it compatible with the biological activity that leads 
its gradual absorption by the human body. Anhydrous polymer electrolyte 
membranes with a cross-linked structure have been prepared on the basis of a 
poly(vinyl alcohol-co-ethylene) (PVA-co-PE) copolymer. The PVA units of the 
copolymer served to induce thermal cross-linking with 4, 5-imidazole 
dicarboxylic acid (IDA) via esterification, while PE units controlled the 
membrane swelling and the mechanical properties of the films. Upon doping with 
phosphoric acid (PA, H3PO4) to form imidazole-PA complexes, the proton 
conductivity of the membranes continuously increased with the increasing PA 
content. As a result, proton conductivity reached 0.01 S/cm at 100 °C under 
anhydrous conditions. X-ray diffraction analysis revealed that both the d-spacing 
and the crystalline peak of the membranes were reduced upon the introduction of 
IDA/PA due to the cross-linking effect. The PVA-co-PE/IDA/PA membranes 
exhibited good mechanical properties, e.g., 150 MPa of Young’s modulus, as 
determined by a universal testing machine. Thermal gravimetric analysis also 
revealed that the thermal stability of the membranes was increased up to 200 °Con 
the introduction of IDA/PA [El-Refaie Kenawya, 2003]. 
3.2 EVOH solution 
To make the EVOH polymer solution, we used water heated to 80
o
C with a 
reflux setup, as shown in Figure 3.1, below. 
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Figure 3.1 Reflux setup for making EVOH solution [Li D., Wang Y., Xia Y., 
2003] 
It normally takes around 2 or 3 hours, to form a polymer solution. The 
solvent used to dissolve EVOH is 80% propan-2 and 20% water. As the polymer 
solution must be conductive for its jet to form in the static electrical field, water is 
added partly to act as the conductive agent and partly to adjust the density of the 
solution. 
 
3.3 Electro-spinning system 
3.3.1 Syringe section 
The original syringe section went through many different designs. First the 
clasp was ruled out, as it was too delicate. There was a chance that it might break, 
an event which would have created many problems. Some solution might have 
leaked out and the apparatus could have damaged the casing, subjecting the 
person conducting the experiment to an electrical charge. 
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Figure 3.2 Original needle and high voltage point  
 
Figure 3.3Model of the first design 
After the first design change, a second problem arose due to the high voltage. 
A 25kV load can pass through 1 inch of air. The needle was too close to the back 
plate to be safe. Since it was thought that the 30kV might be transmitted to the 
stand. Not only would this have stopped the experiment from working but it could 
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have been very dangerous as a spark of electricity would have been produced 
which might have charged other parts of the set-up. However, all parts of the 
set-up were grounded for the sake of safety, had any charge been there. To avoid 
this problem, a third design was produced, which is shown in Figure 3.3. 
 
Figure 3.4Needle with power supply and solution supply 
When the third design was made (see Figure 3.4) of the syringe section, it 
was found to avoid the first and second problems and it was also very helpful in 
controlling the structure of the nanofibres. The solution was planned to go to the 
needle through the grey tube (shown in Figure 3.4on the right). The pressure 
which pushes the solution to the needle was supplied by a pump (Figure 3.5). It 
transferred the EVOH polymer solution to the high voltage point though a tube of 
silicon. Moreover, this arrangement allowed the speed to be controlled. 
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Figure3.5 Pump (Masterflex, 77120-52) with polymer solution 
3.3.2 High Voltage Power Supply 
A safety precaution was built in when the high-power supply was purchased 
(Figure 3.6). This was to choose a supply with a built in current controller was 
purchased. The main danger with electricity is the current. A high current is 
capable of causing the most damage. As we were using a high voltage supply, we 
would in any case have set it at a low current, but with a built in controller we 
could set it as low as possible to avoid any severe danger. It was still a great risk, 
however, that someone would be given an electric shock from the supply. To 
prevent the transmission of any shocks the supply was also fitted with a discharger. 
This rids the unit of any charge and makes it safe for human contact. This facility 
however still has the slight disadvantage that the unit takes 15 seconds to 
discharge. It is important that operators are made aware of this delay before they 
operate the equipment. 
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Figure 3.6   A Spellman CZE1000R, 0-30 kV high power supply 
 
3.3.3 Housing Unit and safety measures for high voltage 
The housing unit containing the electro-spinning setup had to incorporate 
certain safety features due to the risk entailed by the high voltage used in the 
fabrication process. When the machine is fully charged, there should be no open 
access to it during its operation. A locking mechanism is installed on the door of 
the housing with two micro switches which will only be connected when the door 
is closed. Once the door is opened, the first switch will cut the power and second 
one will discharge any voltage within the set-up. The discharge switch is not 
actually necessary, in that the charger has automatic discharge functions once the 
power is turned off. However, it is regarded as a good way of increasing the safety 
factor in a laboratory environment. 
After adding two mini switches and fixing the discharge capacity, holes were 
drilled on the side plates of the housing unit (Figure 3.7), to allow the fibre 
collectors to be placed at different distances from the tip of the needle. The 
distance is a controlling parameter of fabrication which affects the formation and 
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quality of the fibres, in particularly their final diameter. A changeable distance 
control is a necessity. 
 
Figure 3.7 House Unit 
 
3.4 Electro-spinning processes 
When a polymer jet is injected from the Taylor cone, it starts to circulate at 
the force of the electric field. These stretch the jet to a decreasing diameter. The 
dynamic motion in the space also accelerates the evaporation of dissolving agent 
propanol-2 and water. The fibre is tried out when it reaches the collector and 
accumulates into layers of randomly oriented fibres. After introducing the 
separated parts of our electro-spinning system, the system was assembled as 
shown in Figure 3.8. This would create normal nanofibres by the typical method, 
a method which was achieved in the present study.  
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Figure 3.8 Basic design for Electro-spinning 
From a piece of equipment of the design shown in Figure 3.8, nanofibres of 
many different diameters were made in our lab, the thinnest being around 60 
nanometers (Figure 3.9). To make the thinnest EVOH fibres, a 4.5 wt% polymer 
solution was chosen with 25kV and the distance was set at 28 cm from the high 
voltage point down to the collector. 
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Figure 3.9 The thinnest fibre that was made in our lab – 59nano-meters 
3.4.1 Method of making parallel and web nanofibres 
The main purpose in making parallel and web nanofibres was to produce 
biological scaffolding. The first stage of making this scaffolding was to produce 
parallel fibres. This was successfully carried out in the lab. The key point in 
producing parallel fibres is the collector. In other words, in order to control the 
direction of the fibre, different collectors needed to be used. Figure 3.10 shows an 
example of a box collector. In our lab it is mainly used for making parallel fibres; 
the volume of the box collector is 25 cm x 25 cm x 25 cm. We put the needle on 
the top of the box in order to produce fibres which could be collected in the corner, 
as shown in Figure 3.10. The materials on the walls of the box collector can be 
changed to other metals for controlling the direction of the fibre.  
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Figure 3.10 Parallel fibres with a box collector 
The theory of making web fibres is quite similar to that of producing parallel 
fibres: the main idea is to change the structure of the collector (Figure 3.10). First, 
before charging, to make a four strip collector (Figure 3.11), we chose two of the 
four strips from which we could obtain parallel fibres which were opposite the 
direction to be grounded. Then we changed to two other strips and broke the first 
previous two collectors with grounded. After this action stage we could get twice 
the number of parallel fibres all crossing one another. This is basically how we 
made the web fibres in our lab. 
2 cm 
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Figure 3.11 Web fibres with 4 strips Aluminium 
 
3.4.2 The method of producing tube fibres 
 
  Figure 3.12 A basic setup to produce tube fibre, B and C are images of the 
tube fibres taken by TEM 
2 cm 
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In some research organizations which have made tube fibres, the researchers 
chose mainly PVP and PAN as their raw materials. However, the purpose of our 
research made it impossible to use materials which were not approved as 
biocompatible with our wound dressing applications. EVOH, an approved 
biocompatible polymer was chosen for our study. The most difficult feature of 
EVOH tube fibre is that when the temperature goes down the EVOH in the 
solution starts to separate out. The idea of producing tube fibre is to change the 
needle part to a plastic syringe and silica capillary part, as shown in Figure 3.12A. 
If some thin oil is put into the metal needle then after the normal spinning process, 
tube fibre can finally be obtained, as shown in Figure 3.12 B and C. 
3.5 Results for the inter-relations between fibre diameter and kV, 
distance, and density 
Here, we first discovered the inter-relationship between the diameter and the 
liquid density, the distance (between needle and collector) and the changing 
voltages during the process of making random EVOH nanofibres. Figures 3.9, 
3.10 and 3.11 show the relationship between D (the diameter of the nanofibres) 
and ρ (the consistency of the EVOH polymer solution), h (the distance between 
the needle and the collector), V (the voltages using to produce nanofibres), in line 
with the results of our experiments. 
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Figure 3.13 The relationship between the weight percentage and the diameter of 
the fibre when the variables of 20 kV and 25 cm from the needle to the collector 
are applied 
When 20 kV is applied to the system and the distance from the outlet of the 
needle to the collector is set at 25 cm, the fibre diameter is shown to vary with the 
consistency of the solution (Figure 3.13). The diameter of the fibre is most 
affected by the consistency of the polymer solution (see Figure 3.13); once the 
weight percent in the solution is increased, the diameters will tend to increase 
rapidly. As mentioned above, the lowest consistency which has been successfully 
used in our lab in the course of this study is 4.5%. Consistencies of 0 to 4.5% have 
been tried more than once in our machine, but they did not work very well; The 
reason for this may have been that the polymer solutions were too thin. Some new 
materials and solvents are due to be tested and it is very much hoped that better 
results in this rangemay be obtained in the coming year. 
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Figure 3.14 The relationship between the distance from the needle to the collector 
and the fibre diameter when 20 kV and 10 wt% are applied 
Figure 3.14 shows how the diameters of nanofibres are influenced by H (the 
distance from the needle tip to the collector) when 10% weight percentage and 20 
kV are used. When H is increased, the diameter of the fibre will go down. This is 
because the spinning material stays in the electric field for a longer time, and 
therefore the force exerted by the electric charge on the spinning material is 
greater, thus increasing the extent to which the material becomes deformed. The 
overall stretch of the fibre material is greater when the circulation is prolonged, 
leading finally to a smaller diameter for the fibre 
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Figure 3.15 The relationship between voltage and fibre diameter when 25 cm from 
the needle to the collector and 10 wt% are applied 
Figure 3.15 shows that different voltages influence the diameter of fibres. 
Voltages in the range of 5 kV to 30 kV were used in our lab. Usually, the range 
from 0 to 10 kV is not chosen because with this range there is not enough 
electrical power to make the EVOH polymer solution jet spin in the static field. 
Equally, anything over 30 kV is not chosen, because it will supply too much 
power in the field. The high power static field will break the fibres into fragments, 
thus in the end preventing continuous fibres from accumulating obtained on the 
collector.  
EVOH is thermally sensitive and this may affect the electro-spinning process. 
To check the effect of temperature, we used the SEM to assess the morphology of 
the nanofibres fabricated with and without temperature control during their 
fabrication. The temperature of the solution was controlled either at a constant80 
o 
C or allowed to cool down naturally from 80
 o
C to room temperature during the 
spinning process. Comparison of Figure 3.16 shows that the quality of the fibres 
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deteriorates when the temperature of the solution is allowed to fall (Figure 3.17), 
i.e., the fibres become s to viscous and form clusters with larger and more uneven 
diameters. Figure 3.16 also shows the greater inter-fibre space which is beneficial 
for regulating the degree of moisture.  
 
Figure 3.16 An SEM image of EVOH nanofibres with temperature control. 
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Figure 3.17 An SEM image of EVOH nanofibres without temperature control. 
For a pure liquid system, the surface tension of the liquid is prone to decrease 
as the temperature increases. When the temperature is raised, the equilibrium 
between the surface tension and the vapour pressure decreases. At a critical point, 
the interface between the liquid and the gas disappears [Clark (1938)]. From the 
molecular point of view, at a higher temperature, the liquid molecules gain more 
energy and start to move more rapidly around the space. As a result, the fast 
moving molecules do not bound together as strongly as do the molecules in a 
cooler liquid. With the reduction of the bonding between the molecules, the 
surface tension drops. The effect of temperature on the surface tension for pure 
liquids may be different from the effect for mixtures. For a mix of methane and 
nonane, the surface tension actually increases as the temperature rises except at 
the lowest pressure. At a lower temperature, methane is more soluble than nonane 
and the effect of the liquid mixture composition is more pronounced than 
temperature is in determining the surface tension [Deam and Maddox (1997)]. 
After previous measurements of the diameter of the fibre, the inter-relations 
of fibre diameter with voltage, solution density and distance needed to be 
measured again, because the temperature control was not applied on the previous 
occasion of the electro-spinning process. This may have caused the amount of 
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error to increase. Moreover, the collector was changed to a 2 strip copper collector, 
with a view to letting the EVOH nanofibres hang in the air, since they were not 
fully dry immediately after the electro-spinning process. When EVOH nanofibres 
touch a flat collector it can cause their shape to be modified.  In other words, 
when the diameters of the EVOH nanofibre are being measured using the SEM, 
only 2D images can be provided, and this of course increases the amount of error. 
 
Figure 3.18 The method of measuring the diameters of EVOH nanofibres by 
means of an SEM 
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Figure 3.19  The method of measuring the diameters of EVOH nanofibre by 
means of an SEM (continued) 
All the fibre samples were mounted on a copper stub and spatter-coated with 
gold for energy spectrum analysis in the SEM. Each sample was divided into 12 
parts in order to measure its diameter. We used 12 uniform size conductive tapes 
(3x3 mm2) to make 12 fibre samples directly from each experiment in different 
areas. All the diameters of the 12 samples were measured under the SEM (Figure. 
3.18 and 3.19) along each fibre. Due to the variation of fibre diameters, around 
1000 measurements in total were carried out for statistical evaluation. 
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Figure 3.20  Effect of the distance on fibre diameters when the solution density is 
7.5% (wt) and the voltage is 20 kV 
Figure 3.20 shows the results of 5 tip-to-collector distances of 15, 20, 25, 30 
and 35cm, respectively. 20kV field voltage and 7.5wt% solution density were 
used. We observed no significant effect of the distance on the fibre diameter. 
Nevertheless, the distance provided the necessary space for fibres to stretch and 
dry out before reaching the collector. Without this, the fibres would stick together 
to form clusters. In our tests, this occurred when the distance was reduced to 10 
cm. At the opposite extreme, when the distance was increased to 40cm, the fibres 
could not be collected at all, due to being spun too violently.  
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Figure 3.21 Effect of the voltage on the diameters of the fibre when the solution 
density is 7.5% (wt) and the needle-tip-to-collector distance is 30 cm 
Figure 3.21shows the effect of voltage for the cases with a constant solution 
density at 7.5% and a tip-to-collector distance of 30 cm. We observed that the 
most suitable voltage range was from 10 to 20 kV. At a lower voltage (<10kV) 
there is not enough power to drive the EVOH jet through the electric field to form 
nanofibres, while at a higher value (>20kV), the solution jet is broken by too 
strong a stretching force from by the electrical field such that no continuing fibres 
can be formed. 
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Figure 3.22 Effect of the solution density on diameters of the fibre when the 
voltage is 20kV and the tip-to-collector distance is 30 cm 
Figure 3.22 shows the results of 6 different values of solution density at 2.5, 
5.0, 7.5, 10, 12.5 and 15.0 wt%, respectively. The voltage was kept at 20kV and 
the tip-to-collector distance was 30cm. It is clearly shown that the diameter of the 
fibre increases rapidly as the density of the solution increased. The increased 
density leads to a higher viscosity which makes it more difficult to stretch the jet 
into finer fibres and also makes the solution more prone to form a “blockage” at 
the needle tip. We also noted that the diameter of the fibre can be influenced by 
the environmental temperature and levelof humidity. Higher temperatures and low 
humidity are found to lead to the formation of finer fibres, though we were not 
able to quantify this. An effort to raise the temperature in the spinning space led to 
the circulation of air and resulted in severe disturbance to collection of fibre. Thus, 
all our results were obtained in ambient environmental conditions. 
Electro-spinning is a straightforward approach to fabricating highly fibrous 
and porous EVOH materials for medical applications. In this part, we have 
described how we fabricated EVOH nanofibre. The results of the fibre 
characterization show that the nanofibre size can be controlled by regulating the 
EVOH solution concentration, the voltage and the distance of the electric field. 
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3.6 Chapter summary 
In this part, electrospuned EVOH nanofibres having micro- and nano- scaled 
diameters were successfully prepared by using the electrospinning technology. Fibre 
diameters in the electrospun membranes are significantly influenced by the 
electrospinning conditins, namely, solution (solvents and solution concentration), 
processing (applied voltage, spinneret tip to collector distance etc.) and ambient 
parameters. The typical influence of the different solution and processing parameters 
on fibre structure and porosity was further reterated by our study results with a 
commercial EVOH. More importantly, the solvent compositions, solution 
concentrations, flow rates, applied voltages, and distances to collector were identified 
for preparing electrospinning of EVOH nanofibre sheet having desired fibre diameter. 
Moreover, the system and equipments for electro-spinnning EVOH nanofibre 
membranes were described in this chapter. The method of measuring the diameters of 
EVOH nanofibres by means of an SEM was presented. 
 
 
 
 
 
 
  
 57 
4. Mechanical properties of nanofibre mats 
4.1 Introduction 
    Electro-spinning is a well-known, but not necessarily well established 
method to fabricate fibres at the submicron level. The qualities of fibres, in terms 
of their size (diameter), quality and orientation, very much depend on the material 
used as well as the set-up of the fabrication apparatus. Often, a trial and error 
effort is required to achieve a continuous production of fibres of the desired 
dimensions. In the part of the research surveyed in this chapter, the EVOH 
nanofibre sheets of a controlled size were fabricated (having diameters in the 
range of 60 nm – 3 µm) by regulating three main electro-spinning parameters, 
namely, the concentration of the EVOH solution, the distance and voltage of the 
static electrical field needed for the fibre to be produced. For the potential use for 
dressing applications, the material was to be subjected to stretching, tearing, 
cutting and other types of mechanical loading. Only the findings of the tensile 
extension tests are discussed here. The tests were made on thin sheets made of 
nanofibres arranged in random directions.  
    Dressings are normally applied in sheet formats of various thicknesses. The 
collectors therefore were designed to produce nanofibre sheets. The thickness of 
the sheets thus obtained was controlled by the length of time spent on their 
fabrication and also by the fibre diameters and injection speed of the solution. 
Once the sheet was completely dried, coupon samples were cut into rectangles 
whose long sides were 25mm to 40mm in length. Tests were conducted on a 
screw-driven universal test machine (Instron 8500) using a load cell of 1N 
nominal accuracy. The crosshead extension was used to calculate the engineering 
stress-strain curve. 
 4.2 Samples of EVOH nanofibre sheets 
  4.2.1 Introduction of 7.5%, 10% and 12.5% EVOH nanofibre sheets 
    Samples were fabricated using solutions with densities of 7.5%, 10% and 
12.5%. The specifications for EVOH fabrication parameters are: tip to collector 
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distance 20cm, voltage at 15kV and flow speed t2.0 ml/hr. As mentioned in the 
previous chapter, distance and voltage during the electro-spinning process can 
both influence the diameter of EVOH nanofibres, but the density of the solution is 
the most decisive of them all in making EVOH nanofibre sheets. 
  4.2.2 The inter-relations between the diameters of 7.5%, 10% and 12.5% in 
EVOH nanofibres 
    The inter-relations between the diameter of an EVOH nanofibre and the 
distance, the voltage and the solution density were discussed in Chapter 3. In this 
chapter, the measured diameters of the samples obtained are given in Table 5. The 
dry densities of the fibre sheets are yet to be quantified. Figures 4.4a and 4.4b give 
the images of 7.5% EVOH nanofibre samples before and after the extension test. 
Figure 4.4c is the strain-stress curve from a tensile unloading test which uses 7.5% 
EVOH nanofibre; this can give us the Young’s modulus and yield stress, etc. 
Table 5.  Description of sample A(7.5% EVOH nanofibre sheet) B (10% EVOH 
nanofibre sheet) and C (12.5% EVOH nanofibre sheet). 
Sample Fabrication parameters Fibre diameter 
range 
A 7.5% EVOH solution, voltage 
15kV,  tip to collector distance 
20cm 
400 - 900nm 
B 10% EVOH solution, voltage 
15kV, tip to collector distance 
20cm 
800 – 1500nm 
C 12.5% EVOH solution, voltage 
15kV, tip to collector distance 
20cm 
1300 – 2000nm 
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  4.2.3 Methods of making nanofibre sheet samples for mechanical property 
tests 
    After qualifying the diameters of the nanofibre sheets for mechanical 
property tests, the thicknesses of the samples were also measured. The method of 
measuring the thickness can be divided into 3 steps. First, aluminum foil was used 
to cover the whole EVOH sample on both sides. Second, an electronic micrometer 
was used to clamp and measure the sample 20 times in different parts. The third 
step was to deduct the thickness of the aluminum foil and obtain the average value 
from the 20 measurements recorded. 
Table 6. The thicknesses of 7.5%, 10% and 12.5% EVOH nanofibre sheet 
samples 
 
Samples Average value EVOH 
nanofibre sheets 
thickness 
7.5% EVOH nanofibres 
(Sample A) 
0.009mm 
10% EVOH nanofibres 
(Sample B) 
0.011mm 
12.5% EVOH nanofibres 
(Sample C) 
0.013mm 
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Figure 4.1 The fibre sheets were collected on two aluminum foil strips with 
some biased orientation across the gaps 
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Figure 4.2 A coupon sample after being cut 
    The sheet was completely dried as shown in Figure 4.1 and coupon samples 
were cut into rectangles whose long sides measured 25mm to 30mm(Figure 4.2). 
The sample shown in Figure 4.2, which is a 7.5% EVOH nanofibre sample, was 
made by a 2 strip copper collector (Figure 2.2). We set up the gap distance as 
25mm due to the fact that the screw-driven universal test machine which was 
being used requires all the samples to be 25mm in length with 1kN load cell. 
    Figure 4.2 shows a coupon sample when it had been cut ready for the tests on 
its mechanical properties. We used aluminum foil to wrap around the top and 
bottom ends of the EVOH samples; this was done to make sure that the load cell 
on the Instron 8500 could not come into direct contact with the EVOH sample. If 
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they were to touch the sample would not break in the middle, which might cause 
more errors. 
 4.3 Uniaxial tensile tests 
  4.3.1 Process of uniaxial tensile tests 
    Samples were tested at four different loading speeds, namely, 2mm per 
minute, 5 mm per minute, 10 mm per minute and 20 mm per minute. The tested 
samples were 7.5%, 10% and 12.5% EVOH nanofibre sheet samples. 
 
Figure 4.3a Image of a nanofibre sample of 10% EVOH fibre sheets on the Instron 
machine 
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Figure 4.3b Image of a torn nanofibre sample of 10% EVOH) fibre sheets on the 
Instron machine 
 
Figure 4.3c The strain-stress curve in the tensile extension test of a 10% 
EVOH nanofibre sample 
0
1000
2000
3000
4000
5000
6000
0 0.2 0.4 0.6 0.8 1 1.2
mm/mm 
P
a 
 64 
    The 1kN load cell with an accuracy of 0.1N was used to carry out the tests. 
Figure 4.3a shows an EVOH nanofibre sheet sample on the Instron 8500, of which 
the necking has just appeared. Figure 4.3b gives an image of a torn EVOH 
nanofibre sheet sample, showing the failure mode in tearing (the stretching, 
sliding and breaking of the fibre). Figure 4.3c shows a typical engineering stress 
strain curve of a 10% EVOH nanofibre sheet sample, which is characterized by a 
linear elastic response, followed by a moderate hardening in an extended plateau 
stage before fracture and failure. It shows a typical pattern of a torn textile with 
uneven broken and unbroken fibres. Note that the texture of the sheet is of random 
unwoven fibres over a range of different diameters.  
 
Figure 4.4 The original report from the Instron 8500 
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    Figure 4.4 shows the original report which was obtained automatically from 
the tensile extension machine – an Instron 8500 –as soon as the test was 
completed. Tis report can provide all the test parameters such as stain rate, sample 
length, width and thickness, etc. In addition, the maximum load, tensile extension 
at maximum load, tensile stress at maximum load and tensile strain at maximum 
load were provided at the same time. 
  4.3.2 Results and discussions 
 
 
Figure 4.5a The average strain-stress curve of 7.5% EVOH nanofibre sheets in 
response to different loading speeds 
    Figure 4.5a shows the strain-stress curve of 7.5% EVOH nanofibre sheets 
adopting 2 mm/min, 5 mm/min, 10 mm/min and 20 mm/min loading speeds. The 
data of this strain-stress curve were obtained from the original data shown in 
Figure 4.3c. The strain-stress curve in Figure 4.3c is the original data but the curve 
is not smooth because of the noise, etc. We used a moving average to smooth out 
the original data. Figure 4.5a was obtained by using 20 per moving average. 
Figure 4.5a clearly shows that, even though the loading speed was changed, the 
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trend lines were not obviously influenced by an increase in the loading speed. 
Moreover, the Young’s modulus (E) and yield stress are obviously very close. In 
fact, 100 mm/min and 200 mm/min were tried on the Instron 8500 but this 
provided very limited data and the shape of the trend line was very similar to the 
trend lines shown in Figure 4.5a. Therefore, the loading speeds from 2mm/min to 
20 mm/min had to be enough to describe the mechanical properties of the EVOH 
nanofibre sheets on the tensile extension tests, using the Instron 8500. 
 
Figure 4.5b The average strain-stress curve of 10% EVOH nanofibre sheets in 
response to different loading speeds 
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Figure 4.5c The average strain-stress curve of 12.5% EVOH nanofibre sheets in 
response to different loading speeds 
    Figures 4.5b and 4.5c show the strain-stress curves of 10% and 12.5% EVOH 
nanofibre sheets at loading speeds of 2 mm/min, 5 mm/min, 10 mm/min and 20 
mm/min. As mentioned, the trend lines were all obtained by using 20 per moving 
average. Figures 4.5b and 4.5c clearly show that, even though the loading speed 
was changed, the trend lines were not obviously influenced by an increase in the 
loading speed. Moreover, the Young’s modulus ( E ) and Yield stress are 
obviously very close. 
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Figure 4.6a Average strain-stress curve of 3 different EVOH nanofibre sheets 
(7.5%, 10% and 12.5%) at 2mm/min loading speed 
 
Figure 4.6b Average strain-stress curve of 3 different EVOH nanofibre sheets 
(7.5%, 10% and 12.5%) at 5mm/min loading speed 
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Figure 4.6c Average strain-stress curve of 3 different EVOH nanofibre sheets 
(7.5%, 10% and 12.5%) at 10mm/min loading speed 
 
 
Figure 4.6d Average strain-stress curve of 3 different EVOH nanofibre sheets 
(7.5%, 10% and 12.5%) at 20mm/min loading speed 
    Figures 4.6a, 4.6b, 4.6c and 4.6d show the average strain-stress curves of 3 
different EVOH nanofibre sheets (7.5%, 10% and 12.5%) at loading speeds of 
2mm/min, 5mm/min, 10mm/min and 20mm/min. From the shapes of the trend 
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lines, the similarity is obvious, but the maximum load and yield stress were 
evidently increased by increasing the density of the EVOH polymer solution. As 
Table 5 and Table 6 suggest, as soon as the density of the EVOH polymer solution 
is increased, the diameter of the EVOH nanofibre and the thickness of the EVOH 
nanofibre sheet samples are both increased. So increasing the fibre diameter and 
sample thickness evidently caused the maximum load and yield stress to increase. 
 
 4.4 Unloading and reloading tests 
  4.4.1 Purpose 
    The nonlinear behaviour of the sample provides no clear indication of the 
yield point. Thus, unloading tests were conducted to identify the yield stress 
corresponding to 0.4 or 0.5% proof strain, as shown in Figure 4.8. The Young’s 
modulus E, taking as the tangent from the origin, and the linear hardening 
modulus KP as the tangent of the plastic range from the yield point were obtained. 
A straight line from the origin to the yield point was also drawn, giving the slope 
Ey. Ey is of a lower value than E and can be used as an approximate Young’s 
modulus if the materials are not highly non-linear, as in the present case. 
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  4.4.2 Process of the unloading and reloading tests 
 
Figure 4.7 SEM image on the fractured edge of a 10% EVOH nanofibre after 
the tensile test 
 
Figure 4.8 Yield stress at 0.4% proof strain and moduli 
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    Figure 4.8 gives an image of a broken sample resulting from a 7.5% EVOH 
solution after the tensile test. 
 
 
  4.4.3 Results and discussions 
 
Figure 4.9 Yield stresses of the samples under different strain rates 
    The influence of the strain rate on the value of the yield stress is illustrated in 
Figure 4.9. It shows a negligible effect, indicating that none of the sample 
materials was sensitive to the strain rate. The EVOH content in the solution, 
however, has a clear influence, with higher content leading to stronger material. 
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Figure 4.10a Moduli E, Ey and Kp vs strain rate. (a) Sample A 
 
 
Figure 4.10b Moduli E, Ey and Kp vs strain rate. (b) Sample B 
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Figure 4.10c Moduli E, Ey and Kp vs. strain rate. (c) Sample C 
    Figures 4.10a, 4.10b and 4.10c show the trend lines of change in the three 
moduli defined in Figure 4.8. For each sample, E is of the highest value, followed 
by Ey, with Kp next. The strain rate effect on the moduli is weak, except at the 
low range. 
    Across all the samples, the EVOH content in the solutions clearly shows its 
influence. The higher the value of the content, the higher the corresponding 
moduli. The strain rate effect is also weakened by the increasing content in the 
solution. 
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  4.4.4 Repeated unloading and reloading for the Damage Parameter 
 
Figure 4.11 Repeated unloading and reloading test on Sample B at a strain rate 
of 1.11x10
-3
 
    Repeated unloading and reloading tests were carried out to see how damage 
might occur to the samples. A commonly used damage parameter is defined as  
    Damage = 1 – (Ereloading/E0) (A. Pirondi, 2006) 
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Figure 4.12 Damage parameter in terms of the plastic strain 
    It is a useful indication of the progress of deterioration that a test sample may 
undergo during repeated tensile loading. As shown in Figure 4.12 for Sample B, 
repeated unloading and reloading tests were carried out. Each time, the reloading 
modulus was measured. It is interesting to note that the initial modulus was 
actually lower than the modulus in the following reloading. This is likely to have 
been due to the alignment of the random fibres in the loading direction in the first 
loading. Once this alignment was made, the sample was “reinforced” with more 
fibres in the loading direction, thus showing a stronger response. This 
phenomenon continued into the plastic range until the ultimate tensile loading was 
reached. After this the material showed clear damage, probably through the fibre 
breaks yielding in the fracture of the sample. The reloading modulus reduced in 
value while the load bearing capacity diminished. Figure 4.12 shows the 
calculated damage value, based on the measurement of the modulus in Figure 4.11. 
Note that E0 was not used in the calculation but that E was used instead, because 
of the issue of alignment, as explained above. The first reloading modulus gives a 
better indication of the developing damage. It is clearly shown that the damage 
built up quickly when total strain went beyond 0.15. 
 
 77 
 4.5 Chapter summary  
    In this part, the mechanical properties of the 3 different EVOH nanofibre 
membrane samples (sample A, B and C) were tested. These 3 samples were all 
made by using 15 kV, 20 cm distance and 2.0 ml/hr flow rate for 5 minutes, the 
different parameter is the solution concentration, which was used 7.5% for sample 
A, 10% and 12.5% for sample B and C. 
    The first achievement in this chapter is that the strain-stress cure was found 
via typical tensile extension tests. Secondly, The nonlinear behaviour of the 
sample provides no clear indication of the yield point. Thus, unloading tests were 
conducted to identify the yield stress corresponding to 0.4 or 0.5% proof strain 
was presented. The Young’s modulus E, taking as the tangent from the origin, and 
the linear hardening modulus KP as the tangent of the plastic range from the yield 
point were obtained. A straight line from the origin to the yield point was also 
drawn, giving the slope Ey. Ey is of a lower value than E and can be used as an 
approximate Young’s modulus if the materials are not highly non-linear, as in the 
present case. Thirdly, to qualify the damage parameter of the 3 different EVOH 
nanofibre sheet samples, the unloading and reloading tests were carried out to see 
how damage might occur to the samples. Finally, the viscos-elastic tests were 
presented in appendix.  
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5. Fabricationsof Ag, iodine and gentamicin EVOH nanofibres 
and Ag degradation test 
 5.1 Introduction 
    The choice of dressing material plays a key role in the treatment and 
recovery of skin wounds, providing surface protection, tissue and cell restriction, 
moisture maintenance, air permeability, bacteriostatic controlling activities, drug 
delivery and other functions. The control of inflammation caused by bacteria is 
particularly critical for the large or widespread wounds often seen in injuries 
caused by fire and chemical burns. One would naturally hope that the dressing 
material contained some bacteria suppression functionality to improve treatment 
and cure.  
    Electro-spinning, also known as electrostatic spinning, is a popular method 
of fabricating nonwoven fibres of different shapes and sizes [He, J.H. et al., 2004]. 
It is currently the only method used to prepare the fabric of fibres which have a 
diameter of a few nanometers [Greiner, A. et al., 2007]. A number of methods are 
available for introducing drugs into the fibrous materials [Sill, T.J. et al., 2008] 
produced by the electro-spinning technology are good candidates in skin wound 
treatment. EVOH was selected for this study due to its good biocompatibility and 
proven use in the preparation of nanofibres by means of electro-spinning [Kenawy, 
E.R. et al., 2003]. 
    In this study, we investigated the effectiveness of the bacteria control by 
nanofibres impregnated with three commonly used anti-bacterial agents, Ag, 
iodine and gentamicin. Staphylococcus aureus, one of the main pathogenic 
bacteria found on both animal and human wound surfaces [Xu. C. et al., 2011], 
was chosen to test the anti-bacterial capacity of the material. Degradation tests by 
both phosphate buffer solution and ultraviolet lamp were carried out, so that the 
degradation performance of the materials could be indicated both in a simulated 
body environment and a radiation accelerated environment. 
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5.2 Fabrication of Ag EVOH nanofibres 
  5.2.1 Electro-spinning system and solutions 
    The system used for electro-spinning is an improved platform based our 
previous study in chapter 3 which was made up of a high voltage power supply 
with a µA range low current output (Spellman CZE1000R, 0-30 kV), a peristaltic 
pump with a feeding capacity in the range of 1.0-15.0 ml h
-1
 (Masterflex, 
77120-52) and a tube with a fine metal needle. 
    All EVOH nanofibre samples with and without a bacterial agent were 
prepared from the solution with 7.5% (w/v) EVOH powders diluted in solvent 
containing 80% (v/v) propanol-2 and water. AgNO3 powders, iodine and 
gentamicin were then added to the three EVOH solutions in turn, in different 
weight percentages. The solutions were injected at a speed 2.5 ml/h and spun 
under the charged needle and collector by 25 kV at a distance of 350 mm. 
  5.2.2 Ag and EVOH polymer solution 
    EVOH was ordered in powdered form from Sigma-Aldrich (Batch number: 
12822PE). AgNO3 was purchased in powder form from Alfa Aesar (Alfa Aesar, 
7761-88-8). Iodine was purchased from Tianli (Tianli, AR/250g) in powdered 
form. Finally, gentamicin of a clinical grade was ordered from JXYY in the 
specification of 2 ml: 80000 units (JXYY, 2 ml: 80000 units). Staphylococcus 
aureus were taken from the laboratory. 
  5.2.3 Electro-spinning process of producing Ag EVOH nanofibres, iodine 
and gentamicin EVOH nanofibre 
    To produce Ag, iodine and gentamicin EVOH nanofibre, we used the same 
design of electro-spinning system as is described in Chapter 3. For making iodine 
and gentamicin EVOH nanofibre mat samples, the iodine and gentamicin were 
able to be added directly to the EVOH polymer solution before the 
electro-spinning process, due to the fact that the iodine and gentamicin had been 
obtained in liquid form, and there was therefore no need to process them further. 
In the electro-spinning parameters of making the iodine and gentamicin EVOH 
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nanofibre mat samples, a higher voltage and longer needle tip-to-collector 
distance (10% increase on the original parameters for making fine EVOH 
nanofibres) were required to keep the electro-spinning working properly and to 
obtain better EVOH fibre samples. Because there was water in the iodine and 
gentamicin, this caused the density of the EVOH polymer solution to be lower; as 
a result, more electrical power and distance were required. 
    Various concentrations of iodine and gentamicin were tried and it was found 
that there is a maximum concentration (0.1 ml iodine and 0.25 mlgentamicin) 
which can be used for electro-spinning fabrication. Any higher concentration of 
iodine and gentamicin would have caused the polymer solution to drip in droplets, 
rather than being jetted out in a spin, without which there could be no fibre 
formation. As will be discussed later in connection with the bacteria tests, due to 
the limited concentration of iodine and gentamicin achievable for nanofibre sheet 
fibres,a better performance can be obtained with mats containing Ag articles. This 
is the primary reason for not choosing to have iodine and gentamicin reinforced 
nanofibre mats. Various secondary reasons, such as potential allergic reaction by 
patients to iodine or gentamicin, the poor stability of iodine and gentamicin 
compared with that of Ag, resulting in an earlier expiry date and higher material 
cost, add to the arguments in support of the choice of Ag.  
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Figure 5.1 An SEM image of 7.5% Ag EVOH nanofibres (0.04g AgNO3 added to 
10 ml 7.5% EVOH polymer solution) 
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Figure 5.2 An SEM image of Ag particles attached to and imbedded in EVOH 
nanofibres (0.15g AgNO3 was added to 10 ml 10% EVOH polymer solution) 
    Figures 5.1 and 5.2 show the microcosmic structures of Ag in EVOH   
nanofibres. Solid AgNO3 was first dissolved in distilled water, then added to EVOH 
solution, which was kept on a magnetic stirrer for 10 minutes at 40
o
C. During the 
process of fibre formation, AgNO3 decomposes under illumination, even in normal 
room light: 
    2AgNO3 = 2Ag+ 2NO2↑+ O2↑ 
    Nitrogen dioxide and oxygen gas will be released during the decomposition 
process and this leaves pure Ag (simple substance) inhering in the fibre. This 
decomposition process may continue after fabrication until all the Ag is 
encapsulated in the fibre.  
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Figure 5.3 A TEM image of Ag EVOH nanofibre 
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Figure 5.4 A TEM image of a single fibre of Ag EVOH nanofibre 
    Figure 5.3 and. Figure 5.4 show that the Ag nanoparticles are encapsulated 
inside the EVOH fibres. The distribution is reasonably evenly distributed with 
particles of  various sizes. It is not clear whether the intensity of the illumination 
may be used to control the Ag particle sizes, though size is not an issue for the 
functionality of bacteria suppression. 
  5.2.4 Energy spectrum check of encapsulated Ag particles 
    The suppressive effect of Ag on inflammation is related to the purity of the 
Ag (as a simple substance) encapsulated. To check the content of the Ag particles 
obtained, the energy spectrum function of the SEM was used. Figures 5.5 and 5.6 
show the composition of the Ag particles and the image of the Ag particle in the 
fibres.  It shows that the particles are made of simple substance Ag, where the 
elements C and O are from the EVOH polymer. 
 
 Figure 5.5 Energy spectrum using an SEM for the encapsulated Ag particles 
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Figure 5.6 The results of the energy spectrum using an SEM for the encapsulated 
Ag particles 
 
5.3 Fibre degradation and the release of Ag particles 
  5.3.1 Introduction 
    The EVOH nanofibres encapsulated with Ag as the anti-bacterial agent were 
obtained in this study from the electro-spinning process. Degradation tests 
indicated that the mechanical property of the materials is stable in vitro, indicating 
that it is a good candidate for wound dressing applications where the stable 
shielding of the wound area is a primary requirement. 
 5.3.2 Process of Ag release tests 
    A hydrolysis test and ultraviolet light exposures were carried out as the 
degradation tests. For the hydrolysis tests, nanofibre samples were submerged in 
phosphate buffer solution (PBS) of a pH value of 7.2 and kept at 37ºC. The test 
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was aimed to evaluate the time-based integrity of the material in simulated in vivo 
conditions. The samples were weighed every 72 hours with a bio-electronic 
balance after being dried at 37ºC.  
    The simulated sunlight and ultraviolet degradation tests were performed in a 
photochemical reaction machine. The irradiation strength of the light at a 
wavelength of 254 nm was 3.23×103 μW cm-2 measured with a UV radiometer at 
the point where the samples were placed. The samples were weighed and 
photographed after every 24 hours’ exposure. 
 5.3.3 Water and PBS release tests 
 
Figure 5.7 Degradation of the EVOH nanofibre in a PBS solution (note: three data 
points for a straight line is not enough; more data should be added.) 
    As shown in Figure 5.7, only a 2% change in the weight of the samples was 
noted over 7 days in a PBS solution. Little degradation indicates that the fibres 
preserve their integrity for long term use, which is an important consideration for 
dressing materials. 
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 5.3.4 Simulated sunlight and UV light release tests 
 
Figure 5.8 (a) Original fine fibre sample before exposure to UV light, (b) fibre 
sample after 72 h continuous exposure to UV light, (c) SEM image of EVOH fibre 
after 24 h UV degradation test, (d) SEM image of EVOH fibre after 72 h UV 
degradation test. 
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Figure 5.9 UV degradation test of nanofibres. 
    Figure 5.9 shows the weight variation of the nanofibres with and without Ag 
nanoparticles over the hours of exposure. It is seen that the nanofibres degrade 
approximately linearly, but those containing Ag nanoparticles degrade faster, with 
a reduction in weight of more than 40% compared with the 20% reduction of pure 
EVOH nanofibres over 72 hours of exposure. 
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 5.3.5 Results of Ag particles release 
 
Figure 5.10 The release speed of Ag nanoparticles exposed to UV light  
    The release of Ag nanoparticles can be calculated on the basis of the total 
weight reduction, as shown in Figure 5.10. The high sensitivity shown by the 
EVOH nanofibre degradation under UV exposure leads to two interesting features. 
First, the UV light can be used to speed up the release of Ag nanoparticles and 
possibly that of other drugs if EVOH nanofibres are used as the carrier. Second, 
the rapid texture deterioration under UV light means that there could be 
repercussions from using the EVOH nanofibres as dressing or bandage for 
prolonged periods. In such cases, some UV shielding may be required. 
 
5.4 Chapter summary 
    First of all, this part of this thesis presents the methods of producing functional 
EVOH nanofibres – iodine EVOH nanofibres, gentamicin EVOH nanofibres and 
Ag nanoparticle EVOH nanofibres, besides, the reason of choosing Ag particle 
EVOH nanofibre as the final functional dressing material was discussed.  
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    Secondly, to qualify the release speed of Ag nanoparticles under different 
conditions, the degradation tests in different conditions (water, PBS and UV lights) 
were presented, besides, the results from degradation tests were also discussed. 
Considering the purpose of this study is to develop a new dressing material for skin 
wounds healing, the Ag nanoparticle EVOH nanofibres were slowly degraded in 
the PBS, in other words, this will proof it can be degraded very slowly on wounds 
surface, therefore, this is a suitable condition for producing a new dressing material 
by EVOH nanofibre sheets. 
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6. Anti-bacteria tests on and animal tests 
    The purpose of the anti-bacteria tests was to evaluate how far the nanofibre 
mats could suppress bacteria. As explained in Chapter 5, three anti-bacterial 
agents were introduced into the nanofibre mats, namely, Ag, iodine and 
gentamicin. These mats were tested in vitro and theStaphylococcus aureus, which 
is one of the most commonly seen pathogenic bacteria in human burn injuries, 
was the bacterium used. This study provides a comparison of the effectiveness of 
the bacteria suppression function of these three mats, underpinning the further 
development of this new dressing material. 
6.1 Process of anti-bacteria tests 
 
Figure 6.1 Anti-bacterial tests at 37
o
C with 10 mm x 10 mm square shapedEVOH 
nanofibre samples impregnated with Ag nanoparticles. 
    After the Ag, iodine and gentamicin EVOH nanofibre samples were 
produced, the samples were cut into 10 mm x 10 mm squares for the testing of 
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anti-bacterial abilities. The first few rounds of the anti-bacteria culture tests with 
10 mm x 10 mm square samples proved that Ag, iodine and gentamicin EVOH 
nanofibre samples all had anti-bacterial abilities, but it was found difficult to 
measure the Bacteriostatic Loops were found. Because these samples were cut in 
squares measuring 10 mm x 10 mm, they caused the shapes of the bacteriostatic 
loops to become random; in other words, large errors in the values of the loop 
diameters were obtained. 
 
Figure 6.2 Anti-bacterial tests at 37
o
C with EVOH nanofibre samples impregnated 
with circular Ag nanoparticlesof 10 mm diameter. 
 
    Nanofibre mats containing Ag, iodine and gentamicin were first covered by 
aluminium foil, then cut with a stopper borer into circular disks of 100 mm 
diameter. As Figure 6.1 shows, the circular samples provided a good boundary to 
form bacteriostatic loops where the bacteria were killed. The germ killing capacity 
of the samples is determined by measuring the size of the outer diameter or width 
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of the rings. Clearly, a good accurate roundness in the sample is important to 
allow the highest possible accuracy to be achieved in the measurement.  
    Once cut, the Ag, iodine and gentamicin EVOH nanofibre samples were tiled 
into plastic culture dishes with the Staphylococcus aureus pasted evenly on the 
base. The culture was then carried out in an incubator at a shaking speed of 50 
r/min for 6 hours at 37
o
C. To quantify the effectiveness of the restraining 
pathogens, we measured the Bacteriostatic Loops 6 times at timed intervals of 6 
hours using a digital camera and measuring the diameters with an electronic 
venire caliper.  
 
6.2 The choice of the virus used 
 
Figure 6.3 Staphylococcus aureus 
[http://www.picsearch.com/pictures/Science/Bacteri, 2010] 
    The main pathogens on the surface of skin burns are generally 
Staphylococcus aureus (>80%) [Arthur, S. et al., 1998]. The Staphylococcus 
aureus, abbreviated to Staph aureus in the medical literature, was first identified in 
Aberdeen, Scotland (1880) by the surgeon Sir Alexander Ogston; it was found in 
pus from surgical abscesses [Ogston, A. 1984]. Bacteria of the genus 
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Staphylococcus are gram-positive cocci which can be seen under a microscope as 
individual organisms, in pairs and in irregular, grapelike clusters. The term 
Staphylococcus is derived from the Greek term staphyle, meaning "a bunch of 
grapes." Staphylococci are nonmotile, do not form spores andare catalase-positive 
bacteria. Their cell walls contains peptidoglycan and teichoic acid. The organisms 
are resistant to temperatures as high as 50°C, to high salt concentrations and to 
drying. Colonies are usually large (6-8 mm in diameter), smooth and translucent. 
The colonies of most strains are pigmented, ranging from cream-yellow to orange.  
    The ability to clot plasma continues to be the most widely used and generally 
accepted criterion for the identification of Staphylococcus aureus. One such factor, 
bound coagulase, also known as the clumping factor, reacts with fibrinogen to 
cause organisms to aggregate. Another factor, extracellular staphylocoagulase, 
reacts with prothrombin to form staphylothrombin, which can convert fibrinogen 
to fibrin. Approximately 97% of human S. aureus isolates possess both of these 
forms of coagulase.  
 
Figure 6.4 An image of Staphylococcus aureus 
[http://www.picsearch.com/pictures/Science/Bacteri, 2010] 
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    S. aureus is ubiquitous and may be part of the human flora found in the 
axillae, the inguinal and perineal areas and the anterior nares. Von Eiff et al 
described 3 patterns of carriage: those who always carry a strain, those who carry 
the organism intermittently with changing strains and a minority of people who 
never carry S. aureus (Eiff, C. et al., 2001). Persistent carriage is more common in 
children than in adults. Nasal carriers may be divided into persistent carriers with 
high risk of infection and intermittent or noncarriers with a low risk of infection 
[Belkum, A et al., 2009]. S. aureus can cause a range of illnesses, from minor skin 
infections, such as pimples, impetigo, boils (furuncles), cellulitis folliculitis, 
carbuncles, scalded skin syndrome and abscesses, to life-threatening diseases such 
as pneumonia, meningitis, osteomyelitis, endocarditis, toxic shock syndrome 
(TSS), bacteremia and sepsis. Its incidence ranges from skin, soft tissue, 
respiratory, bone, joint and endovascular to wound infections. It is still one of the 
five most common causes of nosocomial infections and is often the cause of 
postsurgical wound infections. Each year, some 500,000 patients in American 
hospitals contract a staphylococcal infection [Bowersox, John, 1999]. 
    In our study, the Staphylococcus aureus was diluted by LB culture fluid to an 
OD600 value of 1.1. The base of a culture dishwas fully covered by 0.5 ml of the 
diluted fluid. 
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6.3 Anti-bacterial tests on Ag, gentamicin and iodine 
 
Figure 6.5 Bacteria test after 6 hours of incubation at 37ºC, for EVOH nanofibres 
encapsulated with (a) no agent, (b) gentamicin, (c) Ag nanoparticle, (d) iodine. 
    Figure 6.5 shows culture dishes for samples containing different 
anti-bacterial agents after 6 hours of incubation at 37 ºC. The dark shaded rings 
surrounding the samples (the 10 mm diameter pads are marked in Figure 6.5with 
red circles) are the bacteriostatic loops where Staphylococcus aureus from which 
had been eliminated. The bigger the outer diameter of the rings (bacteriostatic 
loop diameter), the stronger was the anti-bacterial effectiveness. 
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Figure 6.6 Average diameter of the bacterial loop for: EVOH nanofibre containing: 
1) no agent; 2. Gentamicin; 3. Ag nanoparticles; and 4. iodine. 
    Figure 6.6 shows the measured diameters of the anti-bacteriostatic loops. 
Nanofibres containing Ag nanoparticles clearly demonstrate the highest germ 
killing capacity amongst all the samples with different anti-bacterial agents under 
the densities tested. Two reasons have been identified as contributing to reason 
that Ag performs better than iodine and gentamicin: 1. The electro-spinning 
process cannot work properly to produce good quality fibres when the 
concentration of iodine and gentamicin is increased to 0.1 ml and 0.25 ml per 10 
ml EVOH solution. For this reason, the tests were limited to the concentration 
level where nanofibres could be produced; and 2. The anti-bacterial function of 
iodine and gentamicin may be damaged by the fabrication process, for example, 
by being subjected to high voltage and high temperatures (circa 50
o
C for a 
prolonged duration), though this was not quantified due to the difficulty of finding 
suitable equipment in the lab to pursue further study of this question. Furthermore, 
the stability of Ag is much greater than that of either iodine or gentamicin when it 
comes to the long term storage of the nanofibre dressing. Cost is a further reason: 
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as the consumption of iodine and gentamicin is much higher than that of AgNO3, it 
makesAg a much more attractive choice as the anti-bacterial agent for EVOH 
nanofibre mats. For these reasons, the research focused on nanofibre mats with Ag 
because of their performance in varied concentrations and their success in animal 
tests.   
 
6.4 Anti-bacterial tests on different concentrations of Ag particles 
 
Figure 6.7 An image of EVOH fibre without Ag, iodine and gentamicin in the 
bacterial test  
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Figure 6.8 An image of one set of cultures in a test for Bacteriostatic Loop 
measurement 
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Figure 6.9 Averaged measurement of the Bacterial Loop diameter vs. Ag 
concentration (wt/10ml) 
    To assess the pathogen restraining ability of the Ag-encapsulating nanofibres, 
we performed bacterial tests on EVOH fibres with different Ag concentrations. 
We produced 4 samples with different Ag content, i.e., 0.03, 0.07, 0.1 and 0.15 
grams of Ag, respectively, in 10 ml 7.5wt% 80%/20% 2-propanol/water solution, 
as shown in Figure 6.6 and EVOH fibres without Ag, shown in Figure 6.5. The 
results of the bacterial tests are based on the measurements of the Bacteriostatic 
Loop. The diameter of the various Bacteriostatic Loops [Zheng Qixing, et al., 
2010] were measured after culture, as illustrated in Figure 6.7. A linear increase in 
their effectiveness is found in the four concentrations used, with the highest Ag 
concentration yielding the biggest loop for fibre patches of the same area, clearly 
indicating a stronger pathogen restraining effect. In contrast, no Bacteriostatic 
Loop was observed for pure EVOH fibres with Ag, indicating that there is no 
pathogen restraining ability for fibres without Ag (Figure 6.5). 
    In this study, no biodegradable tests were carried out on the nanofibres, 
though this feature of the EVOH is well known [El-Refaie Kenawya,2003]. 
Somechallenges remain in the simulation of the temperature, moisture and, 
importantly, the PH value in the environment of a skin wound and variations of 
these features during the application of the fibres. This is a potentially important 
feature because it may determine the release speed of the Ag particles which are 
not on the surfaceof the fibre and of any drugs which can be contained in the fibre. 
This remains a key test to be conducted in any studies that follow. 
6.5 Animal tests 
 6.5.1 The license, site and protocol of the animal test 
    The animal tests were completed in a cooperating university in China, which 
is called the Xi’an Jiaotong University. The whole testing process was held in the 
medical school of Xi’an Jiaotong University. The operation process was carried 
out by a medical group from the medical school in Xi’an Jiaotong University and 
the operations were complete finished under a full anaesthetic effect. This medical 
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school and the group responsible are fully licensed. The entire process for the 
animal tests were monitored by a lab supervisor.  
 6.5.2 The design, make and test of a burn machine 
 
Figure 6.10a The burn machine 
    In order to carry out the animal tests for skin burn healing, the amount of heat 
applied on the animal skin or skin burn wounds needs to be quantified.  
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Figure 6.10b The touching point of a burn machine for making level 3 skin burn 
wounds 
    To achieve this,it was necessary to construct a burn machine (Figure 6.10a), 
because no such device existed. It was designed to have 3 main parts: a), a 2000 
watt electric iron to provide controllable and continuoussource of heat; b), a 
real-time temperature sensor to provide feed to the control system; and c), a 
control system to provide control for both temperature and time with by means of 
a display. Figure 7.10b shows the touching surface on which skin burn wounds 
could be made. It is made of a copper rod, which can produce temperatures of up 
to 300
o
C with a time control. The whole system was developed in house, 
including the design, construction and calibration. The working set-up is shown in 
Figure 7.10a. 
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 6.5.3 The process of animal testing 
 
Figure 6.11a The skin burn wounds were produced at a temperature of 150
o
C 
applied for 60 seconds. 
    To choose the testing animal for this study, pigs were obtained from the 
University animal test centre. Four piglets aged 6 months were used. The animals 
were quarantined for 10 days before the tests started. After the animal had been 
fully anesthetized, using pentobarbital sodium, the burn machine was applied to 
produce skin burn wounds at designated locations, as shown in Figure 6.11a The 
skin burn wounds were produced at a temperature of 150
o
C applied for 60 seconds, 
leading to an equivalent of a second degree burn in the clinical category. 
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Figure 6.11b The skin burn wound covered EVOH nanofibrescontaining Ag 
nanoparticles. 
    Staphylococcus aureus was then applied to the surface of the burn wounds. 
The Staphylococcus aureus was the same as had been used in the anti-bacterial 
tests. The purpose was to stimulate accelerated infection in order to test the 
bacteriostatic ability of theEVOH nanofibres containing Ag.  
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Figure 6.11c Skin burn wounds covered in different materials: A- Traditional 
cotton dressing with Vaseline; B- EVOH nanofibre with Ag; C- Normal bandage 
only; D- EVOH nanofibres without Ag. 
    Figure 6.11c shows the third step, which was to enswathe the burn wounds 
with different materials. The wounds were then covered with different dressings, 
including a traditional material, which is made from a cotton bandage covered 
with Vaseline as applied to location A in Fig. 7.11c. Location B was covered by 
EVOH nanofibres with Ag (the concentration is 0.07, as shown in Figure 6.7). 
Location C was covered directly with a normal bandage without anything else 
being applied. Location D was covered by EVOH nanofibres without Ag 
nanoparticles. 
 
A B 
C 
D 
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Figure 6.11d The burn wound areas were enswathed by normal bandage 
    Finally the wound areas were all protected with a normal bandage.  
    The burn areas were examined after the first 72 hours and then every 24 
hours until they were fully healed. 
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  6.5.4 Results of the animal tests 
 
Figure 6.12a A skin burn wound covered by EVOH nanofibres containing Ag 
nanoparticles after 72 hours 
 
Figure 6.12b A skin burn wound covered by traditional material after 72 hours 
    Figure 6.12a and 6.12b show the skin burn in Locations B and C respectively 
after the first 72 hours. The wound in Figure 6.12a had been covered by EVOH 
nanofibres with Ag. It shows that the surface of the wounds was very dry and 
without infection, already in the process of recovering. The burn area in Figure 
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6.12b was covered by cotton roll; here the wound surface shows signs of full 
infection with Staphylococcus aureus. The white discharge is pyogenesis as the 
consequence of the infection. The other two wound locations were in the same 
situation, as seen in Figure 6.12b.  
6.6 Chapter summary 
    First of all, the reason of using the Staphylococcus aureus for the anti-bacteria 
tests was clearly discussed in this chapter. 
    Secondly, the methods and process of the anti-bacteria tests were clearly 
performed. The results show that the 80 
o
C solution and electro-spinning process 
both did not reduce the bacteriostatic ability of the Ag nanoparticle EVOH 
nanofibres. Besides, the bacteriostatic abilities have been qualified in this chapter. 
    Overall, the bacteriostatic ability of the Ag nanoparticle EVOH nanofibre 
was clearly observed in all the animal tests. However, the animal study was not 
fully completed due to time constraints; more tests could have been carried out. 
This study was also limited by its budget and the lack of medical knowledge in 
clinical aspects.   
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7. Conclusions and future work 
7.1 Conclusions 
    One of the conclusions which have been reached is that nanotechnologyis at 
an extraordinarily new and exciting phase and also that nanotechnology has the 
potential to play a major role soon in the future technological achievements of 
mankind, in the military field, the information technology field and,in its potential 
to benefit mankind, in the medical field in general. 
    The phenomena of electro-spinning have been known about since the 
sixteenth century, while the patent for electro-spinning was obtained in 1902. 
Although the technology of electro-spinning has been developing for a few 
hundred years and it is a very simple process, which requires nothing more than 
simple laboratory equipment to yield polymer fibres down to the nano scale, the 
science behind it is not simple at all. The electro-spinning process involves the 
understanding of electrostatics, fluid rheology and the properties of polymer 
solutions, such as the rate of solvent evaporation, the surface tension and the 
conductivity of the solution. These fundamental properties are constantly 
interacting and influencing each other during the electro-spinning process. 
    The versatility of electro-spinning also means that fibres of different 
morphology and made of different materials can be made directly or indirectly by 
electro-spinning. Therefore, different polymers, blends, mixtures or precursors 
can be used to make into fibres to suit specific applications. Understanding the 
basics behind the materials and the fundamentals which affect electro-spinning 
will open new avenues and applications for electro-spun fibres. 
    After the part of theoretical study and the electro-spinning system and 
laboratory set up, there are the main achievements in this study shown blow: 
    First of all, the controlling parameters (the inter-relations between EVOH 
fibre diameters and applied voltage, distance and solution density etc.) in the 
electro-spinning process have been achieved due to controlling any 
electro-spinning process is very important to investigate the parameters which 
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influence it. Besides, this work is very useful, because it was not discovered 
before, this will provide useful information for the people working in this area. 
This is an art demanding trial and error methods. The complexity of the 
fabrication process is such that an analytical modeling to predict the fibre outcome 
is unlikely to be achievable, in particular in the unstable spinning which combines 
both the stretching and the drying out of a fine jet of liquid into fine fibres on a 
nano scale. But through trials to vary the controlling parameters, electro-spun 
fibres of different diameters, fibre surface porosity, beaded and non-beaded can be 
produced. Depending on the application, fibres with different morphology and 
structures can be produced by using specific parameters and setups. The type of 
fibre mesh produced can also be varied by using different electro-spinning setups. 
Tubular scaffolds and yarns, made of both aligned and random fibres can already 
be produced. Structures made of fibres arranged in specific patterns may also be 
produced through the electro-spinning process. All these are made possible by the 
manipulation of the external electrical field and by using different types of 
collector. With greater understanding of the electro-spinning process, we may be 
able to gain a greater control over the behaviour of the electro-spinning jet and its 
resultant fibres. 
    Secondly, EVOH was selected for this study due to its proven 
biocompatibility and good mechanical properties. This study had identified the 
working windows for the fabrication of EVOH nanofibres in a range of different 
diameters. Characterization was carried out by microscopy using both an SEM 
and TEM, also for measuring and calculating the EVOH fibre diameter. With the 
development of a new generation of dressing material in mind, in particularly in 
the case of burn injuries, the research proceeded to investigate the mechanical 
properties and germ killing functionality of the newly developed material.  
    Thirdly, as the dressing materials will mainly be used under tension, not only 
to produce a needed wrapping, but also to produce pre-tension, a pressure effect 
will be generated on the wound surface to reduce the blood flow and to produce a 
harder protective layer. Thus our tests were focused mainly on uniaxial tensile 
loading. The mats show a type response as a non-woven material with random 
fibre orientations. A linear response is shown at low strain values, followed by 
nonlinear elastic behaviour, then the yield and a long range of mild strain 
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hardening shows in large strains. The failure mechanism is a typical torn type with 
fibre breakage and pull-out. Unloading tests allows a 0.4% proof yield stress to be 
quantified and this is shown to be in the magnitude of kilo-Pasca (Kpa). The 
unloading tests were conducted to identify the yield stress corresponding to 0.4 or 
0.5% proof strain was presented and achieved. The Young’s modulus E, taking as 
the tangent from the origin, and the linear hardening modulus KP as the tangent of 
the plastic range from the yield point were obtained. A straight line from the 
origin to the yield point was also drawn, giving the slope Ey. Ey is of a lower 
value than E and can be used as an approximate Young’s modulus if the materials 
are not highly non-linear, as in the present case. To qualify the damage parameter 
of the 3 different EVOH nanofibre sheet samples, the unloading and reloading 
tests were carried out to see how damage might occur to the samples. 
    Finally, three different bacterial agents (Ag, iodine and gentamicin) were 
added to the nanofibres and the issues encountered in the fabrication were 
achieved and discussed. Moreover, the degradation tests in the conditions of water, 
PBS and UV lights were completed, and the results show that the EVOH 
nanofibres can only be degraded quickly under the UV lights condition which 
perfectly fits the requirements of a dressing material. Tests both in vitro (the 
bacterial culture test) and in vivo (the animal test) confirm the superiority of 
nanofibre mats containing Ag nanoparticles as an effective dressing material 
which has a better bacteria suppressing function than other anti-bacterial agents 
tested at the same time. Degradation tests were also carried out to confirm that 
EVOH fibres are stable in simulated human body liquid at body temperature, but 
disintegrate rapidly in the illumination of x-rays, which could be used as a means 
to accelerate Ag particle release where appropriate.  
7.2 Future work 
    Much work remains to be done in the future. Three key recommendations are 
listed below: 
1. Based on the fabrication of the electro-spinning EVOH nanofibres, the 
mechanical property test of an EVOH nanofibre sheet presents a dressing material 
which can be subjected to stretching, tearing, cutting and other types of 
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mechanical loading for its potential use. This test was completed at a room 
temperature in the range 18
o
C- 26
o
C but future work should repeat and complete 
the tests at lower temperatures and higher temperatures by using both the Instron 
8500 and the DMA. 
2. The Ag nanoparticles release test and degradation test were completed at the 
temperature of the human body (37
o
C) under different conditions, for example,  
water, PBS solution, sunlight and UV light. The future work on this part should 
change the temperature and test conditions and should test such things as the 
release speed of Ag nanoparticles under infrared light at -20
o
C to -40
o
C etc. 
3. The animal tests were completed and the result plainly shows the bacteriostatic 
ability of the EVOH nanofibres with Ag nanoparticles on the wounds surface. The 
future work on this part should focus on the qualifying data from the animal tests. 
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Appendices 
Appendix A:  
 
 
    Dynamic Mechanical Analysis 8000 (DMA 8000) is widely used to 
characterize the bulk properties of materials such as modulus, compliance and 
damping (tan delta). It measures changes of rheological behavior under dynamic 
conditions as a function of temperature, time, frequency, stress, atmosphere or a 
combination of these parameters. Stress-strain, creep recovery or thermo 
mechanical measurements are only a few examples of the possible uses of DMA. 
The creep tests were set up similarly to the relaxation tests reported in Appendix 
A in the thesis, except that the static force was set as automatic in the “Creep” 
mode provided by the manufacture. The results shown in Figure 7.2a , 7.2b and 
7.2c. A1-A3 clearly show that the “creep” effect in increased elongation of the 
sample and reduced reaction force in tension. However, this “duo” change causes 
difficulties in data analysis as the effects from both the time and temperature are 
lumped together. It is intended at the next stage of research to address this issue 
and identify separate time and temperature effect on the tensile properties of 
EVOH nanofibre mats, including low temperature from -50
o
C.   
    The tension mode is very useful for the analysis of thin films and fibres or 
can be used for bar samples with no static force if information in their expansion 
is required. 
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Figure 7.1 Sample holder for the Tension mode 
 
Figure 7.2a DMA creep test on 7.5% EVOH nanofibre sheets from 20 
o
C to 60 
o
C 
    Figure 7.2a shows the creep relaxation test of 7.5% EVOH nanofibre sheets 
on the DMA from room temperature to 60 
o
C. In this creep relaxation test, the 
dynamic force is zero. Because the purpose of this test is to check when the static 
force is applied on the EVOH nanofibre sheets, how the static displacement 
response by time and temperature increasing. Figure 7.2a shows when the static 
force was applied on the EVOH nanofibre sheets the static displacement was 
stable when the temperature increasing. In other words, the trend lines of the static 
force and the static displacement are performed as parallel lines. 
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Figure 7.2b DMA creep test on 10% EVOH nanofibre sheets from 20 
o
C to 60 
o
C 
    However, in figure 7.2b, the trend lines of the static force and the static 
displacement for 10% EVOH nanofibre sheets started being unstable, which is not 
as parallel as figure 7.2a shown. 
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Figure 7.2c DMA creep test on 12.5% EVOH nanofibre sheets from 20 
o
C to 60 
o
C 
    In the figure 7.2c, the unstable situation of the 12.5% EVOH nanofibre sheets 
in the creep relaxation test when the temperature was increasing. The reason may 
be when the density of EVOH polymer solution is increased, the EVOH nanofibre 
diameter will be increased. Therefore, less space was left between the EVOH 
nanofibres. When surface volume was decreased which means the 
inter-connections between EVOH nanofibres have been dense, therefore, this can 
cause the static displacement become sensitive when the static force is applied. 
    We have also tested the 7.5%, 10% and 12.5% EVOH nanofibre sheet 
samples from -40 
o
C to 60 
o
C. All the 7.5%, 10% and 12.5% EVOH nanofibre 
sheet samples stay stable. From the macroscopical point of view, there was no 
change on the three EVOH nanofibre sheet samples comparing with the original 
samples before the creep tests. 
Viscoelastic tests 
Polymer materials show viscous behavior under the temperature effect. For 
EVOH nanofibre mats, this behavior needs to be characterized under the 
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temperature range within which the material is to be used. This test was carried 
out for the three groups of samples from ambient temperature to the half melting 
temperature of EVOH where glass transition starts to occur.  The melting 
temperature of EVOH is 129 
o
C, so the temperature range of the test was set from 
30 to 60 
o
C. A special equipment DMA 8000 (Dynamic Mechanical Analysis 
8000, PerkinElmer) for calibration of material’s bulk properties was used.  
 
Figure 7.3 Sample holder for the Tension mode 
Figure 7.3 shows the setup of the test mode where the sample (white colour) is 
pulled by the holder (red colour). Both dynamic and static forces can be applied. 
Samples of rectangular shape were cut into the size 10 mm by 8 mm, as required 
by DMA8000. This was done by clamping the sample sheet between glasses 
plates and cut by a sharp blade. Once mounted into the instrument, the crosshead 
distance is 10 mm. Test is fully program controlled. Once set, it is carried out 
automatically with live data display.  
  Figure 7.4 (a to c) shows the creep relaxation test of nanofibre sheets from 
around 30 (35) to 60 (55)
o
C. In this creep relaxation test, the dynamic force was 
set zero, and the static force was kept at 0.1N. The samples show a clear creep 
response in continuing displacement under a non-increasing tensile loading. The 
J-shape of the curve at the beginning of test indicates fibre alignment to the test 
direction and a range of linear behavior is exhibited. The alignment or 
rearrangement of fibres (involving inter-fibre actions such as friction etc.) shows 
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an increasingly stronger effect in samples of larger fibres as evidenced by the 
waving of the test curves. When the temperature increases towards the 
half-melting temperature, the increase in the displacement start to reduce.  
 
 
Figure 7.4a Displacement – temperature curve of 7.5% sample under 0.1N 
constant tensile load. 
 
Figure 7.4b Displacement – temperature curve of 10% sample under 0.1N 
constant tensile load. 
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Figure 7.4c Displacement – temperature curve of 12.5% sample under 0.1N 
constant tensile load. 
    Due to the time constraint of this project and the need for calibration of the DMA 
device, the frequency/temperature dependent properties of EVOH have not been 
completed. 
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Appendix B:  
Quoted from A review on polymer nanofibers by electrospinning and their 
applications in nanocomposites. 
 
No. Polymer Details Solvent Concentrati
on 
Perspective 
applications 
1 Nylon6,6,PA-
6,6 
 Formic acid 10 wt.% Protective 
clothing 
2 Polyurethanes, 
PU 
 Dimethyl 
formamide 
Dimethyl 
formamide 
10 wt.% 
10 wt.% 
Protective 
clothing 
Electret filter 
3 Polybenzimida
zole, PBI 
 Dimethyl 
accetamide 
10 wt.% Protective 
clothing 
nanofiber 
reinforced 
composites 
4 Polycarboate, 
PC 
Mw = 60,000 
MI = 8-10g/10 
min 
Dimethyl 
formamide: 
tetrahydrofuran 
(1:1) 
Dichlormethane 
Chloroform, 
tetrahydrofuran 
Dimethyl 
formamide: 
tetrahydrofuran 
10 wt.% 
15 wt.% 
 
14-15 wt.% 
 
20 wt.% 
Protective 
clothing 
Sensor, filter 
 
Electret filter 
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(1:1) 
Dimethyl 
formamide: 
tetrahydrofuran 
(1:1) 
5 Polyacrylonitri
le, PAN 
 Dimethyl 
formamide 
 
Dimethyl 
formamide 
Dimethyl 
formamide 
Dimethyl 
formamide 
Dimethyl 
formamide 
600mgPAN/
10-5m
3
 
Dimethylfor
mamide 
 
15 wt.% 
Carbon 
nanofiber 
6 Polyvinil 
alcohol, PVA 
Mn = 65,000 
Mn = 150,000 
Distilled water 
Distilled water 
8-16 wt.% 
4-10 wt.% 
1-10 wt.% 
 
7 Polylactic 
acid, PLA 
Poly(D, 
L-lactic acid) 
Mw =109,000 
Poly(L-lactic 
acid) Mw 
=100,000 
Poly(L-lactic 
acid) Mw 
Dimethyl 
formamide 
 
Methylene 
chloride and 
dimethyl 
formamide 
5 wt.% 
 
14 wt.% 
Membrane for 
prevention of 
surfery 
induced-adhesion 
Sama as above 
Sensor, filter 
Drug delivery 
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=150,000g/mol 
Mw = 205 kDa 
Dichlormethane 
Dichloromethane 
 
system 
8 Polyethylene-c
o-vinyl 
acetate, PEVA 
Mw = 60.4 kDa  14 wt.% Drug delivery 
system 
9 PEVA/PLA PEVA/PLA = 
50/50 
 14 wt.% Drug delivery 
system 
10 Polymethacryl
ate (PMMA)/ 
tetrahydroperfl
uorooctylacryl
ate (TAN) 
0-10% TAN Dimethyl 
formamide: 
toluene (1:9) 
  
11 Polyethylene 
oxide, PEO 
2,000,000g/mol 
Mw = 400,000 
Mw = 400,000 
Mw = 
9×10
5
g/mol 
 
Mw = 1,000,000 
Mw = 300,000 
Mn = 58,000 
Mn = 100,000 
M = 300K 
M = 100K to 2 
Distilled water 
Distilled water 
Distilled water 
Distilled water 
and ethanol or 
NaCl 
Distilled water, 
distilled water 
and chloroform, 
distilled water 
and isopropanol 
Distilled water: 
ethanol (3:2) 
 
7-10 wt.% 
7-10 wt.% 
4-10 wt.% 
1-4.3 wt.% 
 
4 wt.% 
 
4-10 wt.% 
1-10 wt.% 
1-10 wt.% 
10 wt.% 
Miccroelectroni
c wiring, 
interconnects 
 
Electret filter 
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M 
 
 
Distilled water, 
chloroform, 
acetone, Ethanol 
Isopropyle 
alcohol + water, 
Isopropanol : 
water (6:1) 
Isopropanol : 
water (6:1) 
Chloroform 
 
3-10 wt.% 
0.5-30 wt.% 
 
12 Collagen-PEO Purified 
collagen, 
nominal 
molecular 
Weight 900 Kd 
PEO: Mn = 
900,000 
Hydrochloric 
acid 
 
Hydrochloric 
acid (pH = 2.0) 
1-2 wt.% 
 
1 wt.% 
Wound healing, 
tissue 
engineering, 
hemostatic 
agents 
Wound healing, 
tissue 
engineering 
13 Polyaniline 
(PANI)/PEO 
blend 
Pan: Mw = 
120,000 Da, 
PEO: Mw = 
900,000Da, 
Pan/HCSA/PE
O: 11-50 wt.% 
Chloroform 
Camphorsulfonic 
acid 
Chloroform 
2 wt.% 
2-4 wt.% 
Conductive 
fuber 
Conductive 
fuber 
Conductive 
fuber 
14 Polyaniline 
(PANI)/ 
Polystyrene 
 Chloroform 
Camphorsulfonic 
acid 
2 wt.% Conductive 
fuber 
Conductive 
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fuber 
15 Silk-like 
polymer with 
fibronectin 
functionality 
 Formic acid 0.8-16.2 
wt.% 
Implantable 
device 
16 Polyvinylcarb
azole 
Mw = 1,100,000 
g/mol 
Dichlormethane 7.5 wt.% Sensor, filter 
17 Polyethylene 
Terephtalate, 
PET 
Mw=10,000-20,
000 g/mol 
Dichlormethane 
and trifluoracetic 
Dichlormethane: 
trifluoroacetic 
acid (1:1) 
4 wt.% 
12-18 wt.% 
 
18 Polyacrylic 
acid- 
polypyrene 
methanol, 
PAA-PM 
Mw = 50,000 
g/mol 
Dimethyl 
formamide 
 Optical sensor 
19 Polystyrene, 
PS 
Mw = 190,000 
M = 200 kDa 
M = 280,000 
Mw = 280,000 
Mw = 280,000/ 
Mw = 28,000: 
90/1 
Mw = 280,000/ 
Mw = 28,000: 
50/50 
Tetrahydrofuran, 
dimethylformami
de, 
CS2 (carbon 
disulfide), 
toluene, 
Methylethylketo
ne 
Chloroform, 
dimethylformami
de 
18-35 wt.% 
8% 
2.5-10.7% 
25 wt.% 
 
30 wt.% 
15 wt.% 
15 wt.% 
Enzymatic 
biotransformati
on 
 
(Flat ribbons) 
Catalyst, filter 
Catalyst, filter 
Catalyst, filter 
Catalyst, filter 
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Mw = 280,000/ 
Mw = 2,430: 
90/10 
Tetrahydrofuran 
Dimethyl 
formamide 
Tetrahydrofuran 
Tetrahydrofuran 
Tetrahydrofuran 
Tetrahydrofuran 
15 wt.% 
15 wt.% 
20 Polymethacryl
ate, PMMA 
Mw = 540,000 Tetrahydrofuran, 
acetone, 
chloroform 
  
21 Polyamide, 
PA 
 Dimethylacetami
de 
 Glass fiber filter 
media 
22 Silk/PEO 
blend 
Mw (PEO) = 
900,000 g/mol 
Silk aqueous 
solutions 
4.8-8.8 wt.% Biomaterial 
scaffolds 
23 Polyvinyl 
phenol, PVP 
Mw = 
20,000,100,000 
Terahydrofuran 20,60% 
(wt./vol.) 
Antimicrobial 
agent 
24 Polyvinylchlor
ide, PVC 
 Tetrahydrofuran/
dimethylformami
de = 100/0, 
80/20, 60/40, 
50/50, 40/60, 
20/80, 0/100 
(vol. %) 
10-15 wt.%  
25 Cellulose 
acetate, CA 
 Acetone, acetic 
acid, 
dimethylacetami
de  
12.5-20% Membrane 
 126 
26 Mixture of 
PAA-PM 
(polyacrylic 
acid–poly(pyre
ne methanol)) 
and 
polyurethane 
 Dimethyl 
formamide 
26 wt.% Optical sensor 
27 Polyvinil 
alcohol 
(PVA)/Silica. 
PVA: Mn = 
86,000, silica 
content (wt.%): 
0, 22, 34, 40, 
49, 59 [132] 
Distilled water   
28 Polyacrylamid
e, PAAm 
Mn = 5,000,000  1-10 wt.%  
29 PLGA PLGA 
(PLA/PGA) = 
(85/15) 
Tetrahydrofuran: 
dimethyl 
formamide (1:1) 
1 g/20 ml Scaffold for 
tissue 
engineering 
30 Collagen  Hexafluoro-2-pr
opanol 
 Scaffold for 
tissue 
engineering 
31 Polycaprolacto
ne, PCL 
 Chloroform: 
methanol (3:1) 
toluene: 
methanol (1:1), 
and 
dichloromethane: 
methanol (3:1) 
  
32 Poly 
(2-hydroxyeth
yl 
M = 200,000 Ethanol: formic 
acid (1:1), 
ethanol 
12, 20 wt.% 
/ 8, 16, 20 
wt.% 
(Flat ribbons) 
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methacrylate), 
HEMA 
 
33 Poly 
(vinylidene 
fluoride), 
PVDF 
M = 107,000 Dimethyl 
formamide: 
dimethylacetami
de (1/1) 
20 wt.% (Flat ribbons) 
34 Polyether 
imide, PEI 
 Hexafluoro-2-pr
opanol 
10 wt.% (Flat ribbons) 
35 Polyethylene 
gricol, PEG 
M = 10 K Chloroform 0.5-30 wt.%  
36 Nylon-4,6, 
PA-4.6 
 Formic acid 10 wt.% Transparent 
composite 
37 Poly(ferroceny
ldimethylsilan
e), PFDMS 
Mw = 87,000 
g/mol 
Tetrahydrofuran: 
dimethyl 
formamide (9:1) 
30 wt.%  
38 Nylon6 (PA-6) 
/montmorillon
nite (Mt) 
Mt content = 
7.5 wt.% 
Hexa-fluoro-isop
ropanol (HFIP). 
HFIP/dimethyl 
formamide: 95/5 
(wt.%) 
10 wt.%  
39 Poly(ethylene-
co-vinyl 
alcohol) 
Vinyl alcohol 
repeat unit: 
56-71 mol% 
Isopropanol / 
water: 70/30 
(%v/v) 
2.5-20% w/v Biomedical 
40 Polyacrylnitril
e (PAN) / 
TiO2 
   Photovoltaic 
and conductive 
polymers 
41 Polycaprolacto
ne (PCL) / 
Metals: gold, 
ZnO, 
  ZnO: cosmetic 
use 
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metal 
42 Polyvinyl 
pyrrolidone, 
PVP 
    
43 Polymetha-ph
enylene 
isophthalamide 
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